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Abstract
We apply multiple filters to aeromagnetic intensity data to visualize the magnetic
signature of eastern Reelfoot rift margin basement rocks. We interpret the eastern
Reelfoot rift margin to be segmented into nine intersecting faults. We calculate the
moment magnitude potential of each fault based on the estimated fault length. The
minimum moment magnitude potential is 6.0, and the maximum is 7.0.
The Crittenden County fault zone is a potentially active fault zone located within
25 km of Memphis, Tennessee, and poses a significant seismic hazard to the region. To
improve our understanding of the structure of both fault systems in this region, we apply
two processing techniques to gridded aeromagnetic data. We use the horizontal gradient
method on reduction-to-pole magnetic data to detect magnetic contacts associated with
faults. For depth to basement estimations, we use the analytic signal.
We suggest that the Crittenden County fault zone extends approximately 16 km
further to the southwest than previously mapped and may be composed of three
independent faults as opposed to a continuous structure. To the northeast, we interpreted
two possible faults associated with the eastern Reelfoot rift margin that intersect the
Crittenden County fault zone, one of which has been previously mapped as the MeemanShelby Fault. If the Crittenden County fault zone and the eastern rift margin are
composed of isolated fault segments, the maximum magnitude earthquake that each fault
segment may generate significantly lowers the existing seismic hazard assessment of both
fault systems with respect to Memphis, Tennessee.
We generate a depth to basement map of the southcentral United States to better
understand the basement structures and geologic history of the region. We use two depth
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estimation techniques on reduced-to-pole magnetic data, the tilt-derivative, and special
functions. We identify the Rough Creek graben, the Reelfoot rift, and the Eastern
Embayment graben, a previously unidentified graben, from our map. Within both the
Reelfoot and Eastern Embayment graben, we classify northwest-trending domain
boundaries that may be the crustal boundary between the Eastern Granite Rhyolite
Province and the Southern Granite Rhyolite Province.
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Preface
This dissertation, A Study of Structures in the Magnetic Basement in the Reelfoot
Rift and Surrounding Region, includes three papers.

The first paper, Segmentation of the Eastern Reelfoot Rift Margin:
Reinterpretation of the Northeastern Reelfoot Rift Fault Geometry and Seismic Potential,
authored by Christopher S. Marlow, Randel T. Cox, and Christine Powell, published by
Seismological Research Letters (SRL), 2021, volume 92, number 2A, pages 1085 – 1101.
The second paper, Aeromagnetic Interpretations of the Crittenden County Fault
Zone, authored by Christopher S. Marlow, Christine A. Powell, and Randel T. Cox,
published by Seismological Research Letters (SRL), 2021, volume 92, number 1, pages
494 – 507.
The third paper, Mapping the Crystalline Basement in the Southeastern United
States, authored by Christopher S. Marlow, Christine A. Powell, and Randel T. Cox, will
be submitted to Tectonics.
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A map of the Reelfoot rift, which includes the New Madrid Seismic Zone (NMSZ),
showing earthquake epicenters from 1974 to April 2020 from the Center for
Earthquake Research and Information earthquake catalog. The inset map, shown top
left, gives the general location of the Reelfoot rift (black box). The black rectangle
represents our study area. The pink rectangles are the study areas of Porters Gap (P)
and Union City (U) from Cox et al. (2006). The eastern Reelfoot rift margin (ERRM),
western Reelfoot rift margin (WRRM), and Osceola basement faults are from Csontos
et al. (2008). The extent of Holocene liquefaction fields attributed to the NMSZ are
from Tuttle et al. (2002). The unconstrained Holocene liquefaction sites are from an
unknown earthquake source along the Hatchie River and Forked Deer River (Tuttle et
al., 2002). The Covington Pluton is from Hildenbrand et al. (2001). The Reelfoot
magnetic anomaly is from Hildenbrand and Hendricks, 1995). Labeled green dashed
lines are seismic reflection profiles. Seismic reflection lines 1E, 143E, and 5EB are
from Parrish and Van Arsdale (2004), line TN3 is from Dart and Swolfs (1998) and
line MRSL is from Hao (2015). Thin black lines represent state boundaries. MRSL:
Mississippi River seismic line; RT: Reelfoot Thrust fault; C: Covington; D;
Dyersburg; AR: Arkansas; MO: Missouri; KY: Kentucky; TN: Tennessee; MS:
Mississippi.
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Strain ellipsoids with stress directions and expected faulting motions for faults
in the Reelfoot rift and surrounding region at specific geologic times in which
the region underwent deformation. Modified from Harrison and Schultz
(2002). S(Hmax): maximum horizontal stress; S(Hmin): minimum horizontal
stress. Lines with ticks are normal faults, lines with black saw tooths are
reverse faults, lines with a half arrow are strike-slip faults, and lines bounded
by arrows are folds.
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19

Seismic reflection profiles in our study areas. Roman numerals on the faults
correspond to the associated fault picks (Figure 5 & Table 2). The locations of
these seismic lines are plotted on figures 1, 4, & 5. a) Mississippi River
Seismic reflection profile modified from Hao (2015), showing faulting down
to the Paleozoic rocks. The vertical exaggeration is 11:1. Pz: Paleozoic; K:
Upper Cretaceous; WG: Wilcox Group; CG: Claiborne Group; Q/Eo:
Quaternary-Eocene Unconformity. b) Interpreted diagram of seismic
reflection line 1E modified from Parrish and Van Arsdale (2004). c)
Interpreted diagram of seismic reflection line 143E modified from Parrish and
Van Arsdale (2004). d) Interpreted diagram of seismic reflection profile TN3
modified from Dart and Swolfs (1998). EGRP: Eastern Granite Rhyolite
Province; PZ/K: Paleozoic and Upper Cretaceous contact; K/PA: Upper
Cretaceous and Paleogene contact e) Interpreted diagram of seismic reflection
line 5EB modified from Parrish and Van Arsdale (2004).
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Reduction-to-pole magnetic map of the study area (Figure 1) with interpreted
faults. High confidence faults: solid lines; intermediate confidence faults:
dashed lines; low confidence faults: dotted lines. The sun-direction is NE.
White dots are earthquake epicenters from 1974 to 2020 and are from the
Center for Earthquake Research and Information catalog. Seismic reflection
lines are shown as thick white lines with labels. Seismic lines 1E, 143E, and
5EB are Dow Chemical refection lines from Parrish and Van Arsdale (2004);
seismic line MRSL is from Hao (2015); seismic reflection line TN3 is from
Dart and Swolfs (1998). Focal mechanisms are from Chiu et al. (1997). The
grey lines are state boundaries. The thin white line is the A-A’ cross-section
from Ryling (1961). CP: Covington pluton; MRSL: Mississippi River seismic
line; AR: Arkansas, MO: Missouri; TN: Tennessee.
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Horizontal gradient magnetic map of the study area (Figure 1) with interpreted
rank-ordered faults identified by roman numerals and letters for fault
segments (Tables 1 & 2). See Figure 4 for nomenclature.
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a) Digital elevation model of the study area indicating the location of our
interpreted faults (Table 2). Roman numerals identify the faults and letters
identify the corresponding fault segments. Thick white lines are eastern
Reelfoot rift margin basement faults as mapped by Csontos et al. (2008). The
margin of the Covington Pluton is marked by a thin dashed black line, as
mapped by Hildenbrand et al. (2001). Thin black lines are state boundaries.
ERRM: Eastern Reelfoot rift margin; CP: Covington pluton; AR: Arkansas;
TN: Tennessee; MO: Missouri. b) Strain ellipsoid with the expected faulting
type based on fault orientation in the modern stress field modified from Van
Arsdale and Cupples (2013).
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Map of the Reelfoot rift. The top left is an inset map indicating the general
location of the Reelfoot rift. Earthquake epicenters from 1974 to April 2020
are from the Center for Earthquake Research and Information catalog and
color-coded based on magnitude. Reelfoot rift boundary faults mapped by
Csontos et al. (2008) are shown as heavy black lines. State boundaries are
shown as thin black lines. WRRM: Western Reelfoot rift margin; ERRM:
Eastern Reelfoot rift Margin; R.T.: Reelfoot Thrust Fault; CCFZ: Crittenden
County Fault Zone; AR: Arkansas; MS: Mississippi; MO: Missouri; KY:
Kentucky; TN: Tennessee; M: Memphis.
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A digital elevation map of the study area. The Crittenden County fault zone,
shown in red, as mapped by Crone (1992). Seismic reflection lines from
Crone (1992) are shown as dashed lines and are labeled A through H. Eastern
Reelfoot rift margin basement faults mapped by Csontos et al. (2008) are
displayed as bold black lines. Earthquake epicenters are from the Center for
Earthquake Research and Information catalog and are color-coded based on
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magnitude. ERRM: Eastern Reelfoot rift Margin; AR: Arkansas; TN:
Tennessee; MS: Mississippi.
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A total magnetic intensity map of the study area. The Crittenden County fault
zone, as mapped by Crone (1992), shown as a black toothed line. Seismic
lines used to map the fault zone labeled A – H from Crone (1992). Seismic
line L1 is from Williams et al. (2001). Seismic line 115 is from Hao et al.
(2013). Bold black dashed lines are eastern Reelfoot rift margin basement
faults mapped by Csontos et al. (2008). White lines are state boundaries.
ERRM: Eastern Reelfoot rift Margin; AR: Arkansas; TN: Tennessee; MS:
Mississippi; M: Memphis.
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10 A horizontal gradient magnetic map of the study area with the aeromagnetic
survey flight lines overlaid. Not shown on this figure are the 1.6 km spaced
east-west flight lines from Hildenbrand and Johnson (1977).
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11 a) A conceptual representation of a truncated-layer model modified from
Grauch and Hudson (2007). OL: Observation level; RTP: Reduction-to-pole:
HGM: Horizontal gradient maximum. b) An interpreted section of seismic
reflection line TN3 modified from Dart and Swolfs (1998) across the eastern
Reelfoot rift margin. The only magnetically susceptible layer is the Eastern
Granite Rhyolite Province basement rocks (Hildenbrand, 1982). Based on the
similarities between the offset in the basement rock and the truncated-layer
model, we suggest that this model is valid. c) This is a cross-section across the
center CCFZII (Figure 6a). The behavior of the TMI and the HGM of the RTP
field is very similar to that shown in the truncated-layer model. TMI: Total
magnetic intensity.

59

12 A reduction-to-pole magnetic anomaly map of the study area. State
boundaries are white lines. The Crittenden County fault zone, as mapped by
Crone (1992), shown as a black toothed line. Seismic lines used to map the
fault zone labeled A – H from Crone (1992). Seismic line L1 is from Williams
et al. (2001). Seismic line 115 is from Hao et al. (2013). Bold black dashed
lines are eastern Reelfoot rift margin basement faults mapped by Csontos et
al. (2008). ERRM: Eastern Reelfoot rift Margin; AR: Arkansas; TN:
Tennessee; MS: Mississippi; M: Memphis.
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13 A horizontal gradient magnetic map of the study area. The Crittenden County
fault zone, as mapped by Crone (1992), shown as a black toothed line.
Seismic lines used to map the fault zone labeled A – H from Crone (1992).
Seismic line L1 is from Williams et al. (2001). Seismic line 115 is from Hao
et al. (2013). The yellow line is a east-west trending fault mapped by Van
Arsdale and Cupples (2013). The thick black lines are the Wolf Graben
mapped by Martin and Van Arsdale (2017). Bold black dashed lines are
eastern Reelfoot rift margin basement faults mapped by Csontos et al. (2008).
White lines are state boundaries. The grey line marks the location of the crosssection from Figure 4c. ERRM: Eastern Reelfoot rift Margin; NWG: Northern
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Wolf Graben margin; SWG: South Wolf Graben margin; AR: Arkansas; TN:
Tennessee; MS: Mississippi; M: Memphis.
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14 a) A horizontal gradient magnetic anomaly map. Black lines are interpreted
faults of the Crittenden County fault zone, and the white lines are interpreted
gaps. Seismic reflection lines are labeled A-H, from Crone (1992). Thin white
lines are state boundaries. AR: Arkansas; TN: Tennessee; MS: Mississippi;
M: Memphis. b) A horizontal gradient magnetic anomaly map with the crosssection A-A' along the Crittenden County fault zone, shown in Figure 9. Thin
white lines are state boundaries. AR: Arkansas; TN: Tennessee; MS:
Mississippi; M: Memphis.
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15 Analytic signal map of the Crittenden County fault zone with the location of
cross-section A-A' from Figure 7b. White lines are state boundaries. AR:
Arkansas; TN: Tennessee; MS: Mississippi; M: Memphis.
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16 Depth to the magnetic basement map. The structural index is 1. Depth
solutions are only applicable to the locations of the interpreted faults and
gaps in the Crittenden County fault zone based on the interpretation criteria
of the analytic signal depth analysis. White lines are state boundaries. AR:
Arkansas; TN: Tennessee; MS: Mississippi; M: Memphis.
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17 Cross-section along the interpreted Crittenden County fault zone. Depth to the
magnetic basement below the observation level of 305 m is represented by the
green line, the analytic signal (AS) is represented by the red line, and the blue
line represents the horizontal gradient maximum (HGM). The location of the
cross-section is shown in Figures 7b and 8. Vertical black lines mark our
interpreted fault segment boundaries in the Crittenden County fault zone.
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18 Map of the Precambrian basement rocks of southeastern Laurentia with
Proterozoic to Early Paleozoic faults superimposed over the basement rocks
and the Mississippi Embayment (ME) extent. Earthquake epicenters are from
the Center for Earthquake Research and Information Catalog from 1974 to
August 2020. Shown in blue are the tectonic zones and Reelfoot rift basement
faults are from Csontos et al. (2008). The extent of the Eastern Granite
Rhyolite Province (EGRP), shown in green, and the Mazatzal Province (MZ)
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Chapter 1
Introduction
The southeastern United States is home to one of the most seismically active
intraplate locations in the North American continent, the New Madrid seismic zone
(NMSZ) (Figure 1) (Schulte and Mooney, 2005). In 1811 and 1812, the NMSZ generated
three moment magnitude 7+ earthquakes, causing significant liquefaction and groundmotion throughout the southeastern United States (Johnston and Schweig, 1996; Tuttle et
al., 2002; Cramer and Boyd, 2014).
The NMSZ, located in the north-central section of the Reelfoot rift, generated at
least nine significant earthquakes in the last 12,000 years with a reoccurrence interval of
500 years as recorded in the liquefaction record (Tuttle et al., 2002). The NMSZ presents
the most considerable seismic hazard to the region, but several other fault zones exist in
the Reelfoot rift that pose a significant hazard, specifically to Memphis, Tennessee
(Crone, 1992; Cox et al., 2006; Hao et al., 2013; Marlow, Cox, et al., 2021; Marlow,
Powell, et al., 2021).
Identifying structures in the Precambrian crystalline basement is critical to
understanding the seismic hazard posed by individual fault zones and the geologic history
of the region. The Reelfoot rift is a Neoproterozoic to Early Cambrian failed rift formed
as the Argentine Precordira rifted from Laurentia during the breakup of Rodinia
(Thomas, 2006; Whitmeyer and Karlstrom, 2007). It is suggested that more rifts formed
to the southeast during the late-stage rifting of Rodinia (Johnson et al., 1994).
Thick sediment cover in the region has dramatically hampered studying the
Precambrian geologic history of the area. Previous maps of the crystalline basement in
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the Reelfoot rift and surrounding area relied on seismic reflection and well data to
interpret the basement. However, there are large distances between depth points requiring
data interpolation to create a structural contour map of the crystalline basement (Dart and
Swolfs, 1998; Csontos et al., 2008). The study of potential seismogenic faults in the
eastern Reelfoot rift margin is also hampered by thick sediment cover and sparse data
coverage (Crone, 1992; Cox et al., 2006; Hao et al., 2013).
We suggest the use of magnetic data, coupled with previous geologic
investigations, will improve our understanding of the Precambrian geologic history of the
southeastern United States and the seismogenic potential of faults along the eastern
Reelfoot rift margin. Because the magnetic susceptibility of the crystalline basement is
much higher than the overlying sediment (Hildenbrand, 1982), we argue that magnetic
analysis provides a powerful tool for geologic interpretation in this region.
This dissertation has three objectives. First, we will reinterpret the fault structure
of the northeastern Reelfoot rift margin using the horizontal gradient maximum (Cordell
and Grauch, 1985) on gridded magnetic data coupled with previous geologic studies in
this region. Based on our fault model, we will measure the length of each interpreted fault
to determine the moment magnitude potential (Wells and Coppersmith, 1994). Second,
we will reinterpret the structure of the Crittenden County fault zone along the
southwestern section of the eastern Reelfoot rift margin by combining aeromagnetic
interpretations with previous seismic reflection studies (Crone, 1992; Luzietti et al.,
1992, 1995; Williams et al., 1995). By combining the magnetic interpretations with
previous studies, we will constrain the fault length and moment magnitude potential.
Third, we use a combination of seismic reflection and well data (Csontos, 2007) with
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magnetic depth solutions to create a map of the crystalline basement for the southeastern
United States. From this map, we interpret the Proterozoic geologic history of the
Reelfoot rift and the surrounding area.
Tectonic History of the Reelfoot Rift
During the Neoproterozoic to Late Cambrian, the Argentine Precordillira rifted
from Laurentia during the breakup of Rodina (Thomas, 2006; Whitmeyer & Karlstrom,
2007). As a result of crustal extension, a series of northeast-trending normal faults
formed and created the Reelfoot rift (Nelson and Zhang, 1991; Dart and Swolfs, 1998;
Parrish and Van Arsdale, 2004). A listric normal fault marks the western rift margin with
a down-on-the-southeast sense of motion with approximately one and a half kilometers of
throw (Nelson and Zhang, 1991). On the eastern rift margin there are at least two, and
possibley three, down-on-the-southwest normal faults with upwards of three kilometers
of throw (Csontos et al., 2008; Dart & Swolfs, 1998; Marlow et al., 2020; Nelson &
Zhang, 1991; Parrish & Van Arsdale, 2004). It is argued that northwest-trending faults
were present throughout the region before rifting, and the newly formed northeasttrending faults intersected them, forming eight fault-bound blocks within the rift (Csontos
et al., 2008).
The timing of rifting and extension is marked by the isolated deposition of the
Late Cambrian Lamotte Sandstone into topographic lows in the basement (Houseknecht,
1989; Nelson and Zhang, 1991). The transition from active rifting to rift wide subsidence
is marked by the transition from the Lamotte Sandstone to the Late Cambrian Elvins
group (Houseknecht, 1989; Nelson and Zhang, 1991). The Elvins group has a relatively
uniform thickness and is widespread. However, the group increases in thickness within
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the rift, suggesting rift wide subsidence during its deposition (Nelson and Zhang, 1991).
This subsidence continued into the Ordovician as evidenced by the cross-cutting
relationships of faults with the Late Cambrian to Ordovician Knox group (Howe, 1985;
Nelson and Zhang, 1991).
In the Late Paleozoic, substantial uplift occurred on the northwest-trending
Pascola arch, roughly co-located with the Reelfoot thrust fault along the northwestern
margin of the NMSZ (Hamilton and McKeown, 1988; Crone, 1998). The uplift formed
during the Early to Middle Pennsylvanian Ouachita orogeny due to the collision of the
Quachita block with North America (Cox, 2009; Harrison & Schultz, 2002; Marcher &
Stearns, 1962).
Throughout the Mississippi embayment and in the Reelfoot rift, there is an
angular unconformity between Upper Cretaceous sediments and Paleozoic rocks due to
passage of the continent over the Bermuda hotspot (Caplan, 1954; Cox & Van Arsdale,
1997, 2002; Imlay, 1949). Cox and Van Arsdale (2002, 1997) propose that the
Cretaceous superchron event enhanced the relatively weak Bermuda Hotspot and that
Mid Cretaceous igneous intrusions mirror the age and location of the hotspot relative to
North America. The Reelfoot rift acted as a zone of weakness that underwent thermal
uplift, erosion, and subsidence due to the passage of the hotspot (Cox & Van Arsdale,
1997, 2002). A significant line of supporting evidence for the hotspot track is a series of
Mid-Cretaceous cal-alkalic and kimberlite intrusions extending from Kansas to
Mississippi (Cox & Van Arsdale, 1997, 2002; Eby & Vasconcelos, 2009). The oldest
intrusions are located in Kansas and become progressively younger to the southeast in
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Mississippi (Eby and Vasconcelos, 2009), supporting the timing and track of the hotspot
(Cox & Van Arsdale, 1997, 2002).
The Mississippi embayment formed in the Upper Cretaceous due to subsidence in
the region. However, there was subtle uplift in the northcentral section of the Reelfoot rift
(Cox and Van Arsdale, 1997, 2002; Van Arsdale, 2000; Weathers and Van Arsdale,
2019). As regional subsidence lowered the topographic elevation, a marine incursion of
the Gulf of Mexico occurred and resulted in sedimentation of clay and sands (Cox & Van
Arsdale, 1997, 2002; Sterns, 1957). Subsidence in the region also caused the flow
direction of the Mississippi River to change from south-north to north-south, allowing
flow into the gulf (Cox and Van Arsdale, 2002, 1997). The Reelfoot Thrust fault, Lake
County uplift, and eastern rift margin were active during the Upper Cretaceous, as
evidence by elevated Upper Cretaceous sediments in contour maps and offset reflectors
in seismic reflection data (Van Arsdale, 2000; Crone, 1992; Purser & Van Arsdale, 1998;
Williams et al., 1995).
The geologic history of the Paleogene and Upper Cretaceous is similar in the
Reelfoot rift. Paleogene sedimentation primarily consisted of sands and clays (Van
Arsdale & TenBrink, 2000), and the eastern rift margin, Lake County uplift, and Reelfoot
thrust fault were active (Van Arsdale, 2000; Hao, 2015; Hao et al., 2013; Williams et al.,
1995). The primary sediment unit deposited in the Pliocene is the Upland Complex,
which is the upper terrace of the ancestral Mississippi River and, based on the elevation
of the deposits, the river was approximately six times greater than its present-day size
(Van Arsdale & Cupples, 2013; Van Arsdale & TenBrink, 2000; Van Arsdale et al.,
2007; Cox et al., 2014; Lumsden et al., 2016). In the Pleistocene, the Reelfoot rift was
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subject to the effects of multiple glacial advances and retreats and thick loess deposition
during the interglacial periods (Rodbell et al., 1997; Rittenour et al., 2007; Wickert et al.,
2019). During the Late Pleistocene, there were two periods of erosion in the Mississippi
River Valley, spanning from 16 ka to 10 ka, resulting in approximately 5.4x105 cubic
meters of sediment erosion (Calais et al., 2010).
Paleoseismic data indicate that multiple Holocene earthquakes occurred in the
Reelfoot rift. In 1811-1812, the NMSZ generated three large earthquakes and one
significant aftershock that sparked widespread liquefaction and landslides throughout the
region (Johnston & Schweig, 1996; Tuttle & Schweig, 1995; Tuttle et al., 2002). Carbon
dating of liquefaction sites reveals the NMSZ generated two other sequences of similar
earthquakes in 1450 and 900 AD (Tuttle et al., 2002) and two more earthquakes at 0 AD
and 1050 BC (Tuttle et al., 2019). Based on seismic reflection interpretations, measured
uplift rates increased in the Holocene in both the NMSZ and the eastern rift margin (Van
Arsdale, 2000; Hao et al., 2013).
There are several mechanisms proposed to explain modern-day elevated
seismicity and historical earthquakes in the NMSZ. Kenner and Segall (2000) suggest
that a zone of weakness in the lower crust concentrates stress beneath the NMSZ,
increasing the strain and seismicity rate. Grollimund and Zoback (2001) model a
substantial increase in stress, strain, and seismicity rate due to the interactions of a lower
crustal rift pillow and the Laurentide ice sheet's retreat. Calais et al. (2010) argue that
Late Pleistocene erosion in the Mississippi River Valley facilitated a large enough
reduction in normal stress to generate large earthquakes on critically loaded faults.
Thomas and Powell (2017) suggest that the NMSZ basement structures overprint a zone
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of high crustal deformation, which may increase porosity and permeability in the
basement, allowing an increase in fluid content, which, in-turn, overpressurizes the fault
zone, reducing the effective friction, and brings the faults closer to failure.
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Chapter 2
Segmentation of the Eastern Reelfoot Rift Margin: Reinterpretation of the
Northeastern Reelfoot Rift Fault Geometry and Seismic Potential
Introduction
The failed Proterozoic/Early Cambrian Reelfoot rift (Figure 1) (Hildenbrand,
1985; Thomas, 2006; Whitmeyer and Karlstrom, 2007) is the location of several large
earthquakes in the Holocene and is the most active intraplate region of non-induced
seismicity in the United States (Schulte and Mooney, 2005). The most significant known
seismic events occurred in the northcentral section of the Reelfoot rift, within the New
Madrid Seismic Zone (NMSZ), where multiple moment magnitude (Mw) > 7 earthquakes
occurred in 1811 and 1812 (Nuttli, 1982; Tuttle and Schweig, 1995; Johnston and
Schweig, 1996; Tuttle et al., 2002; Cramer and Boyd, 2014). While the NMSZ has
garnered attention for its seismic hazard, other locations such as the eastern Reelfoot rift
margin may be capable of generating >Mw 7 earthquakes (Coppersmith et al., 2012).
A region of particular interest concerning seismic hazard along the eastern Reelfoot rift
margin is between Covington, TN, and Dyersburg, TN (Figure 1). This region is marked
by elevated seismic activity (Hildenbrand et al., 2001), the presence of mapped surface
faults and folds and liquefaction sites (Tuttle et al., 2002; Vanderlip, 2017), and evidence
of strain accumulation by basin asymmetry analysis (Cox et al., 2001). Drainage basin
asymmetry analysis measures an alluvial river’s drainage mid-line compared to its
drainage basin midline, providing a measure of cross-valley tilt in regions of uniformly
dipping, non-preferentially eroding substrate. As rivers are susceptible to ground tilting
and respond in predictable ways, the asymmetry provides a tectonic geomorphic
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signature (Cox, 1988). Drainage basin asymmetry cannot provide a quantitative measure
of strain; however, it may provide a qualitative assessment (Keller and Pinter, 2002).
The eastern Reelfoot rift margin was previously mapped by gravity and magnetic
highs (Hildenbrand, 1985) and the presence of a zone of faults that offset Precambrian
basement rocks mapped by drill hole and seismic reflection profiles (Csontos et al.,
2008). Detailed structural interpretations of the eastern Reelfoot rift margin in this area,
primarily from seismic reflection surveys, describe the margin as a series of linear
northeast-striking, down-on-the-northwest, half grabens with up to 3 km of basement
offset that initiated during the rifting of Rodinia (Howe and Thompson, 1984; Howe,
1985; Nelson and Zhang, 1991; Dart and Swolfs, 1998; Parrish and Van Arsdale, 2004;
Thomas, 2006; Whitmeyer and Karlstrom, 2007). However, control points where the
structure is interpreted are separated by up to 30 km and we suggest this lends
considerable uncertainty to the eastern Reelfoot rift margin fault structure. Understanding
fault system geometry, length, and continuity are critical for understanding the seismic
potential of a fault system, as the most statistically significant indicator of moment
magnitude is fault rupture length (Wells and Coppersmith, 1994).
Refining fault geometry in the eastern Reelfoot rift margin is difficult due to thick
sediment cover obscuring basement structure (Hildenbrand, 1982; Nelson and Zhang,
1991; Parrish and Van Arsdale, 2004). Cordell and Grauch (1985) addressed this problem
in the San Juan basin, New Mexico, by analyzing magnetic anomalies using the
horizontal gradient method to constrain basement fault structures. We apply this
technique to the eastern Reelfoot rift margin. Normal offset along basement faults of the
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Figure 1. A map of the Reelfoot rift, which includes the New Madrid Seismic Zone
(NMSZ), showing earthquake epicenters from 1974 to April 2020 from the Center for
Earthquake Research and Information earthquake catalog. The inset map, shown top left,
gives the general location of the Reelfoot rift (black box). The black rectangle represents
our study area. The pink rectangles are the study areas of Porters Gap (P) and Union City
(U) from Cox et al. (2006). The eastern Reelfoot rift margin (ERRM), western Reelfoot
rift margin (WRRM), and Osceola basement faults are from Csontos et al. (2008). The
extent of Holocene liquefaction fields attributed to the NMSZ are from Tuttle et al.
(2002). The unconstrained Holocene liquefaction sites are from an unknown earthquake
source along the Hatchie River and Forked Deer River (Tuttle et al., 2002). The
Covington Pluton is from Hildenbrand et al. (2001). The Reelfoot magnetic anomaly is
from Hildenbrand and Hendricks, 1995). Labeled green dashed lines are seismic
reflection profiles. Seismic reflection lines 1E, 143E, and 5EB are from Parrish and Van
Arsdale (2004), line TN3 is from Dart and Swolfs (1998) and line MRSL is from Hao
(2015). Thin black lines represent state boundaries. MRSL: Mississippi River seismic
line; RT: Reelfoot Thrust fault; C: Covington; D; Dyersburg; AR: Arkansas; MO:
Missouri; KY: Kentucky; TN: Tennessee; MS: Mississippi.
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eastern Reelfoot rift margin juxtapose low susceptibility-to-nonmagnetic Paleozoic rocks
against the Eastern Granite Rhyolite basement rocks, which have a higher magnetic
susceptibility (Hildenbrand, 1982; Nelson and Zhang, 1991; Dart and Swolfs, 1998;
Parrish and Van Arsdale, 2004). The susceptibility contrast across the fault zone allows
the use of the horizontal gradient method to map basement structure (Grauch and
Hudson, 2007). Also, basement faults along the eastern Reelfoot rift margin may have
acted as preferential pathways for mafic magma during periods of intrusion (Hildenbrand,
1982, 1985; Hildenbrand and Hendricks, 1995). If eastern Reelfoot rift margin fault
zones are associated with mafic intrusions, they may be identified by their gravity highs,
higher magnetic susceptibility, and linear magnetic trends (Hildenbrand, 1982;
Hildenbrand et al., 1992; Johnson et al., 1994).
This study reinterprets the geometry of potentially tectonically active eastern
Reelfoot rift margin basement faults to improve the seismic hazard assessment of this
portion of the rift margin. We use aeromagnetic data to locate magnetic gradients in the
basement, specifically focusing on regions with faults interpreted previously from
seismic lines. We suggest that coupling both geologic and geophysical interpretations
allows us to make better-informed interpretations of the eastern Reelfoot rift margin fault
structure.
Tectonic History
The basement rock of the Reelfoot rift is the Mesoproterozoic Eastern Granite
Rhyolite Province (Van Schmus et al., 1996). Lithologically, the Eastern Granite
Rhyolite Province consists of sub-horizontal layers of A-type granites, rhyolites, and
mafic rocks, with secondary intrusions of A-type granite batholiths (Pratt et al., 1989;
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Van Schmus et al., 1996; Whitmeyer and Karlstrom, 2007; Van Arsdale, 2009). Van
Schmus et al. ( 1996) suggest that the source of Eastern Granite Rhyolite Province was an
outpouring of granitic and mafic magma from Keweenawan rifting and crustal extension.
However, Whitmeyer and Karlstrom( 2007) propose an orogenic origin for the Eastern
Granite Rhyolite Province, in which, the Nd-Sm line (Van Schmus et al., 1996) marks the
accretionary boundary of the Eastern Granite Rhyolite Province and the older Mazatzal
Province.
The formation of the Reelfoot rift is associated with the opening of the Iapetus
Ocean during the late stages of the breakup of Rodinia as the Argentine precordillera
rifted from the Ouachita embayment on the southern margin of Laurentia along preexisting transform faults (Thomas, 2006; Whitmeyer and Karlstrom, 2007). Initial
basement faulting, which forms the major structures along the margins and interior of the
Reelfoot rift, are normal faults associated with extensional tectonics (Dart and Swolfs,
1998). The eastern margin of the Reelfoot rift consists of normal faults that strike
northeast and dip to the northwest with upwards of 3 km of offset (Howe, 1985; Nelson
and Zhang, 1991; Dart and Swolfs, 1998; Parrish and Van Arsdale, 2004). Within the rift,
two asymmetric rift basins are bound by three structural highs (Dart and Swolfs, 1998).
During active rifting in the Late Cambrian, the deposition of the Lamotte sandstone was
primarily located in the structural lows (Nelson and Zhang, 1991). Widespread uniform
deposition of the Late Cambrian Elvins supergroup marks the transition from active
rifting to rift-wide subsidence, which continued throughout the Ordovician during the
deposition of the Knox group (Nelson and Zhang, 1991). There are also multiple igneous
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intrusions within and along the margins of the Reelfoot rift, which either predate, are
coeval, or postdate the formation of the rift (Hildenbrand, 1985).
There were two significant periods of fault reactivation in the Reelfoot rift during
Paleozoic time (Figure 2) (Harrison and Schultz, 2002). The first began in the Early
Pennsylvanian and is responsible for the initial formation of the Pascola arch, a
northwest-trending zone of uplifted Paleozoic sediments that corresponds to a northwesttrending zone of crustal weakness. The weak zone reactivated under a northeast–
southwest compressive stress field as the Ouachita block collided with North America,
creating anticlinal folding seen in the overlying rocks and sediments (Figure 2) (Harrison
and Schultz, 2002). During Late Pennsylvanian to Permian time, the compressive stress
field rotated to east–west during the Alleghenian orogeny (Figure 2). The east–west
compressive stress field generated reverse motion on north–south striking faults, rightlateral motion on northeast striking faults, and left lateral motion on northwest striking
faults (Figure 2) (Harrison and Schultz, 2002).
During the Cretaceous, Reelfoot rift faults reactivated as the southern margin of
the rift passed over the Bermuda hotspot, resulting in an intrusion of asthenospheric melts
into the lithosphere below the Reelfoot rift (Cox and Van Arsdale, 1997, 2002). The
Reelfoot rift uplifted, and 2 km of sediment was eroded. After passage over the Bermuda
hotspot, the Reelfoot rift subsided and allowed for marine transgression and formation of
the Mississippi Embayment (Cox and Van Arsdale, 1997, 2002).
Normal faulting occurred on northeast-striking faults of the Reelfoot rift during
the Late Cretaceous to the Oligocene, with peak motion in the Eocene, as evidenced by
thick Upper Cretaceous through Eocene sedimentary units throughout the Reelfoot rift
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Figure 2. Strain ellipsoids with stress directions and expected faulting motions for faults
in the Reelfoot rift and surrounding region at specific geologic times in which the region
underwent deformation. Modified from Harrison and Schultz (2002). S(Hmax):
maximum horizontal stress; S(Hmin): minimum horizontal stress. Lines with ticks are
normal faults, lines with black saw tooths are reverse faults, lines with a half arrow are
strike-slip faults, and lines bounded by arrows are folds.
(Caplan, 1954; Harrison and Schultz, 2002). Normal offset on the Reelfoot rift margin
faults was due to a north-northeast maximum compressive stress field caused by
the Laramide orogeny, which generated a northwest to southeast maximum extension
direction. In addition to normal offset, a right-lateral offset is observed on north–
northeast and north–northwest striking faults, and left-lateral motion is observed on
northwest-striking faults (Figure 2) (Harrison and Schultz, 2002).
The latest reactivation of Reelfoot rift faults occurred in the Holocene under a
near east-west compressional stress field, which generated multiple significant seismic
events (Zoback and Zoback, 1989; Zoback, 1992; Tuttle and Schweig, 1995; Johnston
and Schweig, 1996; Tuttle et al., 2002). Under the modern stress field, north-northwest
striking faults reactivate with reverse motion, northeast striking faults reactivate with
right-lateral motion, and northwest striking faults reactivate with left-lateral motion
(Harrison and Schultz, 2002). However, documenting faulting at the surface is made
difficult due to the presence of upwards of four kilometers of Paleozoic sandstones,
shales, and carbonates as well as Upper Cretaceous through modern-day sediments
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(Crone, 1981; Li et al., 2019). The Reelfoot scarp is the only extensive fault scarp within
the Reelfoot rift and is the surface trace of the Reelfoot thrust fault along the northern
margin of the Reelfoot magnetic anomaly (Van Arsdale et al., 1995; Rabak et al., 2011).
Along the eastern margin of the rift, there is a small Holocene age fault scarp located
outside of Union City, TN (Cox et al., 2001, 2006).
Data
Magnetics
For this project, we use gridded USGS aeromagnetic data, specifically, the high
pass filtered North American magnetic anomaly grid (Bankey et al., 2002). Data
collection in our study area primarily occurred in 1976 (Hildenbrand and Johnson, 1977).
Aeromagnetic flight-lines were flown east-west at a spacing of 1.6 km at an altitude of
305 m. The aeromagnetic data has the International Geomagnetic Reference Field (IGRF)
removed. The final aeromagnetic grid has a resolution of 1 km. The data set was also
high-passed filtered to remove wavelengths longer than 500 km associated with regional
effects.
Seismic Reflection
To assist in our interpretations based on the magnetic data, we use interpretations
from previous seismic reflection studies (Figure 3a – e). On the Mississippi River seismic
reflection profile, Hao (2015) interprets multiple faults which penetrate to 980 m into the
Paleozoic rocks (Figure 3a). From Parrish and Van Arsdale (2004), we use three
reflection profiles along the eastern margin of the rift in which the authors interpret
basement faulting (Figure 3b, 3c, 3e). Dart and Swolfs (1998) interpret a basement offset
on the COCORP TN3 where it crosses the eastern margin of the rift (Figure 3d). When
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basement rock is not imaged, we assume that the overlying faults are connected to
faulting in the basement. However, we recognize that this assumption is not always
correct (Shah and Crain, 2018).
Earthquake Epicenter Data
We use the earthquake catalog from the Center for Earthquake and Information from
1974 to April 2020 (Figures 1, 4, & 5) (See Data and Resources). We filtered the data to
remove earthquakes shallower than 4 km so that the epicenters represent earthquakes
from basement faulting. Earthquakes magnitudes along the eastern rift margin varied
between 1.3 and 3.5 while the horizontal location error did not exceed 4 km for the
epicenters that we used to interpret faults.
Methods
Horizontal Gradient Method
The horizontal gradient method is a magnetic edge detection technique (Cordell
and Grauch, 1985; Grauch et al., 2001; Nabighian et al., 2005). The juxtaposition of
rocks with different magnetic susceptibilities will produce a gradient in the magnetic
field. The horizontal gradient maximum is located where the amplitude of change in the
magnetic field is highest, producing an inflection point at the magnetic contact, assuming
the contact is vertical (Cordell and Grauch, 1985). Before using this technique, the effect
of the ambient magnetic field inclination and declination on the source body’s induced
magnetic field must be removed (Cordell and Grauch, 1985; Blakely, 1995). A pseudogravity or reduction-to-pole transformation locates magnetic anomalies above the
causative source body and aids in the interpretation of the source body geometry(Blakely,
1995). If the effects of the inclination and declination of the ambient field are not
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Figure 3. Seismic reflection profiles in our study areas. Roman numerals on the faults
correspond to the associated fault picks (Figure 5 & Table 2). The locations of these
seismic lines are plotted on figures 1, 4, & 5. a) Mississippi River Seismic reflection
profile modified from Hao (2015), showing faulting down to the Paleozoic rocks. The
vertical exaggeration is 11:1. Pz: Paleozoic; K: Upper Cretaceous; WG: Wilcox Group;
CG: Claiborne Group; Q/Eo: Quaternary-Eocene Unconformity. b) Interpreted diagram
of seismic reflection line 1E modified from Parrish and Van Arsdale (2004). c)
Interpreted diagram of seismic reflection line 143E modified from Parrish and Van
Arsdale (2004).
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Figure 3 Cont. d) Interpreted diagram of seismic reflection profile TN3 modified from
Dart and Swolfs (1998). EGRP: Eastern Granite Rhyolite Province; PZ/K: Paleozoic and
Upper Cretaceous contact; K/PA: Upper Cretaceous and Paleogene contact e) Interpreted
diagram of seismic reflection line 5EB modified from Parrish and Van Arsdale (2004).
corrected for, the gradient maxima may not be located at the magnetic contacts associated
with the induced field.
We use the commercial software package Oasis Montaj to perform a reduction-topole (Figure 4) and compute the horizontal gradient maximum, as shown in equation 1.
The reduction-to-pole enables the detection of more source edges than the pseudo-gravity
transformation when using the horizontal gradient method (Pilkington and Keating,
2004). The declination and inclination values for the reduction-to-pole correction are 3⁰
and 66⁰, respectively.
𝜕𝑀 2

𝜕𝑀 2

𝐻𝐺𝑀(𝑥, 𝑦) = √( 𝜕𝑥 ) + ( 𝜕𝑦 )
where HGM is the horizontal gradient maximum
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(1)

M is the reduction-to-pole magnetic field
We use the horizontal gradient map to highlight the geometry of magnetic
contacts in the eastern Reelfoot rift margin (Figure 5). On the eastern margin of the rift,
there is approximately 3 km of sediment and rock with zero magnetic susceptibility
which juxtaposes against the Eastern Granite Rhyolite Province basement with a higher
magnetic susceptibility (Hildenbrand, 1982; Nelson and Zhang, 1991). The contrast in
magnetic susceptibility across these faults should produce a significant gradient
maximum and allow this technique to be useful in our study area.
Using the horizontal gradient maximum to map faults in basement rocks is nonunique.
Horizontal gradients can be associated with lithologic boundaries and faults (Grauch and
Hudson, 2007). This principle is of particular importance in our study area as there are
multiple high magnetic susceptibility igneous intrusions along the eastern margin of the
rift which may produce gradient maxima that may or may not correspond to faults
(Hildenbrand, 1985; Hildenbrand and Hendricks, 1995). Another issue arises from the
fault dip and depth of the sediments. The horizontal gradient technique assumes a vertical
magnetic contact when associating a gradient maximum with a fault. Any fault dip will
shift the gradient maximum down-dip from the actual fault location and the magnitude of
the shift depends on the amount of dip and the depth of the overlying sediments (Grauch
and Hudson, 2007). The fault dip will complicate interpretation of fault locations in the
near-surface along the eastern margin of the rift as dips along the faults are estimated to
be as shallow as 20°, and sediment thickness is near three and a half kilometers at its
deepest locations (Hildenbrand, 1982; Nelson and Zhang, 1991). To evaluate the amount
of offset of the gradient maximum from the identified fault, we use equations 2a and 2b
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Figure 4. Reduction-to-pole magnetic map of the study area (Figure 1) with interpreted
faults. High confidence faults: solid lines; intermediate confidence faults: dashed lines;
low confidence faults: dotted lines. The sun-direction is NE. White dots are earthquake
epicenters from 1974 to 2020 and are from the Center for Earthquake Research and
Information catalog. Seismic reflection lines are shown as thick white lines with labels.
Seismic lines 1E, 143E, and 5EB are Dow Chemical refection lines from Parrish and Van
Arsdale (2004); seismic line MRSL is from Hao (2015); seismic reflection line TN3 is
from Dart and Swolfs (1998). Focal mechanisms are from Chiu et al. (1997). The grey
lines are state boundaries. The thin white line is the A-A’ cross-section from Ryling
(1961). CP: Covington pluton; MRSL: Mississippi River seismic line; AR: Arkansas,
MO: Missouri; TN: Tennessee.
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from Grauch and Hudson (2007). For a depth of 4.2 km to basement (Parrish and Van
Arsdale, 2004), an observation height of 305 m (Hildenbrand and Johnson, 1977), and a
dip angle of 20⁰ (Hildenbrand, 1982), we suggest there may be upwards of 14 km of offset
between basement faults identified in seismic reflection and corresponding magnetic
gradient maxima.

𝑥 = 0 𝑓𝑜𝑟 𝛼 = 90°

(2a)

𝑥 = 𝑑(cot(𝛼) + 𝑓) + 𝑓ℎ

(2b)

where f is equal to equation 2c
1−sin(𝛼)

𝑓=|

cos(𝛼)

|

(2c)

x is the offset of the gradient maximum from the fault trace
d is the depth to the magnetic source
α is the dip angle of the fault
h is the magnetic data observation height
We compare magnetic horizontal gradient maxima locations with seismic
reflection surveys, earthquake epicenters, and geologic studies to constrain the
relationship between the horizontal gradient maximum and faulting in the basement and
the near-surface (Figure 5). We rank the interpreted gradient maxima using the
corresponding data sets (Table 1). Higher weight is given to a selected fault when
associated epicenters and data link the gradient maxima to basement faults interpreted in
seismic reflection lines. A lower weight is given to a fault when there are corroborating
data sets that indicate faulting only in the near-surface as we must assume that the
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shallow faulting is connected to a basement fault. We measure the subsurface length of
each fault from the spatial extent of the horizontal gradient maxima.
Focusing our analyses of horizontal gradient maxima on previously identified
faulting allows us to remove ambiguity from the magnetic interpretations while enabling
us to build upon and refine prior geologic understanding. When corresponding data is
limited, our analysis involves several assumptions: 1) seismically imaged faults
corresponding to a horizontal gradient maximum continue along the length of the
horizontal gradient maximum; 2) fault zones may be represented along a single horizontal
gradient maximum trend; 3) faults within a fault zone have a similar strike and dip; 4)
faulting at the near-surface is connected to faulting in the basement; 5) the length of the
horizontal gradient maximum captures the full length of each fault or fault zone.
Moment Magnitude Analysis
We use the subsurface rupture length to moment magnitude relationship for all
types of fault ruptures for our interpreted faults to calculate the magnitude potential for
each fault using the formula derived by Wells and Coppersmith (1994), seen in equation
3:
𝑀𝑤 = 4.38 + 1.49 ∗ 𝐿𝑜𝑔(𝑆𝑅𝐿)
Where:
Mw is the moment magnitude
SRL is the subsurface rupture length in km
The Wells and Coppersmith (1994) magnitude relationships were derived
primarily from earthquakes occurring along plate boundaries. Somerville and Saikia
(2000) determined a moment magnitude to fault area relationship specifically for
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(3)

Table 1 The basis for our ranking of fault confidence intervals on interpreted faults seen
in Figures 4, 5, and 6.
Basement Faulting
Surface and Near Surface
Confidence interval
Supporting Data
Faulting Supporting Data
High Confidence

Intermediate Confidence

≥3

≥0

2

≥0

1

≥1

0

≥3

1

0

0

1-2

Low Confidence

the central and eastern United States. However, we chose not to use their methodology as
there is limited hypocenter data in our study area to constrain fault width.
Results
We interpret nine segmented faults along the eastern Reelfoot rift margin from the
correlation of horizontal gradient maxima with seismic reflection data, mapped faults,
focal mechanisms, and earthquake epicenters (Figures 4 & 5, Table 2). These faults have
dominant trends of north-northeast, north-northwest, northeast, and northwest (Figures 4
& 5). Of these nine faults, two are high confidence, four are intermediate confidence, and
three are low confidence (Figures 4 & 5, Table 2).
Previous research along the eastern Reelfoot rift margin identified gradient
maxima, labeled max-spots, within our study region (Hildenbrand and Hendricks, 1995).
However, these max-spots are not well aligned with our interpreted gradient maxima.
Hildenbrand and Hendricks (1995) used a pseudo-gravity transformation on their
magnetic data set instead of a reduction-to-pole, which we suggest may be responsible for
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some misalignment of the gradient maxima, as the reduction-to-pole transformation
produces a more peaked response in the horizontal gradient (Phillips, 2000). The pseudogravity transformation requires additional assumptions beyond the reduction-to-pole
transformation, where the density contrast of the magnetic layer and the overlying
sediments must be assumed (R.J. Blakely, 1995). We suggest variations in density in the
basement rock due to heterogeneity within the Eastern Granite Rhyolite Province may
also be responsible for differences in our gradient maxima and the Hildenbrand and
Hendricks (1995) max-spots (Van Schmus et al., 1996).
There is a minor alignment of some of the east-west trending magnetic gradient maxima
with potential flight paths. However, the east-west horizontal gradient maxima persist
over lengths that cross multiple flight lines, and we conclude that magnetic anomalies
interpreted as faults are not the product of flight line artifacts and are associated with
magnetic contacts.
The eastern Reelfoot rift margin consists of a complex zone of faults that dip to
the northwest (Hildenbrand, 1982; Dart and Swolfs, 1998; Parrish and Van Arsdale,
2004). Therefore, gradient maxima may not precisely align along the previously
interpreted faults. Cordell and Grauch (1985) and Shah and Crain (2018) demonstrate the
use of the horizontal gradient method for detecting deep-seated faults in New Mexico and
Oklahoma, respectively. We suggest that the gradient maxima can capture the primary
trend of a complex fault zone and will provide a significant contribution to the knowledge
of both large-scale fault structure and seismic hazard of the eastern Reelfoot rift margin.
Modeling of these magnetic signatures across our interpreted structures could support our
interpretations and will be an integral component of future research.
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Interpreted Faults
Fault Pick I
We interpret the gradient maximum associated with fault pick I as a possible fault
due to a series of nearby faults in the upper 50 m of sediments and surface faulting, which
researchers interpret to the northwest of this gradient maximum (Figure 5, Table 2) (Hao,
2015; Vanderlip, 2017). This gradient maximum aligns well with a pseudo-gravity

Figure 5. Horizontal gradient magnetic map of the study area (Figure 1) with interpreted
rank-ordered faults identified by roman numerals and letters for fault segments (Tables 1
& 2). See Figure 4 for nomenclature.
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gradient maximum identified by Hildenbrand and Hendricks (1995). Also, there are two
earthquake epicenters to the northwest of the gradient maximum. We give this fault pick
an intermediate confidence ranking because the gradient maximum is not collocated with
evidence of faulting from previous studies. The horizontal gradient maximum of fault
pick I has four different trend directions, and we interpret the fault to consist of four
segments (Figure 5). Two epicenters are present to the north of segment Ia, ranging in
depth from 9 to 11 km (Figure 5). Two surface structures are mapped to the northwest of
segment Ib, the east–west striking Warren Quarry anticline and the Sugar Creek thrust
fault, which also strikes east–west and dips 30⁰ to the north, as well as three faults
interpreted within 50 m of the surface in seismic reflection profiles (Figures 3a & 5)
(Hao, 2015; Vanderlip, 2017). To the west of segment Id, seismic reflection
interpretations indicate the presence of a fault which penetrates to the Paleozoic (Figure
3a) (Hao, 2015).
To account for the misalignment of gradient maximum I with supporting data, we
consider potential fault structures that may produce this offset. To the southwest of our
study area Hildenbrand (1982) models the eastern rift margin as a five and a half km wide
zone of listric faults which separate granitic crust on the west and igneous intruded
granitic crust on the east, both of which act as lithologic boundaries. We suggest that the
near surface faulting is the result of a fault at the boundary of the Eastern Granite
Rhyolite Province and the fault zone. Along this section of the eastern rift margin there
are large igneous intrusions and mafic magma may have intruded into the fault, which
could result in a steeper gradient in the magnetic field and may mask the magnetic
signature due to faulting (Hildenbrand, 1985).
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Table 2 Number, length, strike, and the confidence interval, and fault grouping of our
interpreted faults along the eastern Reelfoot rift margin.
Fault Segment Length Segment Total Strike
Dip
Confidence
No.
no.
km
M
M
Ia
6.2
5.6
68
Ib
4.5
5.4
42
I
6.5
NW
Intermediate
Ic
3.6
5.3
77
Id
10.6
5.9
29
IIa
8.6
5.7
307
IIb
2.8
5.0
270
IIc
12.5
6.0
294
II
7.0
High
IId
5.7
5.5
327
IIe
2.0
4.8
281
IIf
21.5
6.4
318
III
III
27.0
6.5
6.5
45
NW
Low
IVa
4.8
5.4
40
IV
6.3
NW
Intermediate
IVb
14.3
6.1
11.5
Va
4.2
5.3
87
V
Vb
5.9
5.5
6.4
49
NW
High
Vc
14.0
6.1
86
VIa
12.5
6.0
7
VI
6.4
NW
Low
VIb
9.0
5.8
68
VII
VII
14.0
6.1
6.1
8
NW
Intermediate
VIII
IX

VIII
IXa
IXb

11.7
10.6
12.0

6.0
5.9
6.0

6.0
6.4

40
33
85

NW

Low

NW

Intermediate

We suggest that the dip of fault I may have a similar geometry as the Reelfoot
Thrust fault, roughly 60⁰ in the Precambrian basement, then increasing to 80⁰, then
shallowing to 30⁰ when the fault reaches the surface (Hildenbrand, 1982; Csontos and
Van Arsdale, 2008; Vanderlip, 2017). Our fault plane interpretation is consistent with the
lithologic contact dip modeled to the southwest by Hildenbrand (1982), high-angle faults
interpreted in seismic reflection along this fault pick by Hao (2015), and mapped faulting
at the surface by Vanderlip (2017). An abrupt change in the fault dip at the interface of
the Precambrian and Paleozoic may also help to explain why there is four km of
separation from the gradient maxima to faults identified in the basement.
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The interpretation of seismic reflection data along this gradient maximum
suggests a northwest dipping fault that is reactivating with some degree of reverse motion
(Hao, 2015). We suggest that the faulting in the basement is a northwest-dipping normal
fault that has undergone basement inversion or right-lateral transpression.
Fault Pick II
Fault pick II consists of six segments and is ranked as high confidence due to
three earthquake epicenters occurring near this gradient maximum and Eocene
deformation in the subsurface, which Ryling (1961) interpreted as a zone of uplift in well
logs (Figures 4 & 5, Table 2). Microsiesmicity is present on segments IIc, and IIf and is
located near the center of the gradient maximum, suggesting this fault may have a nearvertical dip.
Fault Pick III
Fault pick III is defined by the alignment of microseismicity and focal mechanism
solutions (Chiu et al., 1997) as an easily definable gradient maximum is not present for
this pick (Figure 5). The interpretation of this fault pick highlights some of the limitations
of the horizontal gradient method and the need to use multiple data sets for fault
interpretations. The Dow Chemical seismic line 1E (Parrish and Van Arsdale, 2004)
trends roughly parallel to the fault pick (Figure 5). Two faults that offset the crystalline
basement are present on this seismic line to the west and along the northern extension of
the fault pick (Parrish and Van Arsdale, 2004). However, due to the lack of a horizontal
gradient maximum along this fault pick, we set the confidence to low and suggest that the
proximity of fault pick III to the Covington Pluton (Hildenbrand et al., 2001) makes
interpreting this fault challenging with the horizontal gradient method alone.
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Hildebrand et al. (2001) associate a zone of seismicity with a lithologic boundary
along the western edge of the Covington Pluton. We suggest that fault pick III is the
approximate location of a fault or fault zone defining the lithologic boundary. Fault pick
III may not be linear but instead, curve around the margin of the Covington pluton
following this lithologic boundary and may connect basement faulting to the south and
north of the pluton. We suggest the change of focal mechanism nodal plane strikes we
attribute to this fault pick supports a non-linear fault strike (Chiu et al., 1997) (Figures 4
& 5).
Fault Pick IV
We interpret fault pick IV based on the alignment of the horizontal gradient
maximum with basement fault interpretations by Dart and Swolfs (1998) and Nelson and
Zhang (1991) (Figures 3d & 5, Table 2). Due to the correspondence of the basement
fault interpretations with the gradient maximum, we rank fault pick IV intermediate in
confidence. Fault pick IV consists of two segments, IVa and IVb (Figure 5 & Table 2).
On segment IVa Dart and Swolfs (1998) interpret a high angle, down-on-the-northwest,
normal fault (Figure 3). The one-and-a-half kilometer westward lateral offset of the
gradient maximum from the basement fault interpretation of Dart and Swolfs (1998) is
consistent with the dip direction of this fault (Grauch and Hudson, 2007).
Fault Pick V
Our interpretation of fault pick V comes from the alignment of the gradient
maximum with two basement fault interpretations and two focal mechanisms (Figure 5 &
Table 2). This fault pick consists of three segments, Va, Vb, and Vc, and has a high
confidence ranking (Figures 4 & 5). This gradient maximum aligns well with two east-
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west trending pseudo gravity gradient maxima interpreted by Hildenbrand and Hendricks
(1995). The Va magnetic gradient maximum correlates with two down-on-the-northwest
normal faults interpreted by Dart and Swolfs (1998) and one focal mechanism solution
from Chiu et al. (1997), while Vc correlates with a second focal mechanism solution
from Chiu et al. (1997) (Figures 3d, 4 & 5).
The focal mechanism on segment Va is from a magnitude 3.4 earthquake that
ruptured at 14.73 km depth on a southeast dipping fault plane with right-lateral normal
oblique motion (Figure 5) (Chiu et al., 1997). The dip direction indicated by the focal
mechanism, southeast, is opposite to the northwest dip direction interpreted in COCORP
seismic reflection profile TN3 (Dart and Swolfs, 1998). This focal mechanism was
generated using the PANDA array and has less than four degrees of uncertainty in the
strike, dip, and rake (Chiu et al., 1997). The uncertainty in dip does not account for the
disagreement in dip-direction between the focal mechanism and seismic reflection
profile. We suggest that due to the significant differences in depth where we interpret the
fault dip and the depth the focal mechanism is generated that there may be variations in
the fault’s structure that we are unable to detail with our current data resolution.
The two fault interpretations from Dart and Swolfs (1998) are offset to the north
and south of the gradient maximum by 1.5 km on segment Va (Figure 5). We suggest that
main source of the magnetic gradient is from the southern fault, compatible with the
offset of the horizontal gradient maximum being located down-dip from this fault (Figure
3d) (Grauch and Hudson, 2007). In addition, it may be difficult to distinguish individual
gradient maxima from the closely located faults due to a lack of data resolution.
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Fault Pick VI
Fault pick VI has a low confidence ranking and consists of two segments, VIa and
VIb (Figure 5 & Table 2). Segment VIa corresponds to a normal, down-on-the-northwest
basement fault interpreted by Dart and Swolfs (1998) based on the COCORP TN3
seismic reflection profile (Figures 3d & 5). The fault interpretation from Dart and Swolfs
(1998) is located roughly 2 km west of the horizontal gradient maximum we interpret as
fault pick VI. Due to the misalignment of the gradient maxima with the basement fault,
we lowered the confidence from intermediate to low. The fault interpretation of Dart and
Swolfs (1998) (Figure 3d) may be along a lithologic boundary as there is a significant
increase in the reduction to the pole magnetic anomaly to the west of this fault (Figure 4).
We recognize that this fault trace may not trend along the gradient maximum and instead
may follow the north-trending magnetic high shown in the reduction-to-pole magnetic
map and intersect fault pick Vc (Figure 4).
Fault Pick VII
We interpret fault pick VII from the correspondence of a low magnitude gradient
maximum with two locations that have surface and basement faulting (Figure 5 & Table
2) (Parrish and Van Arsdale, 2004; Cox et al., 2006). At Porter’s Gap, Parrish and Van
Arsdale (2004) interpret a down-on-the-west normal fault in the basement (Figures 3c &
5) near the center of the gradient maximum trace and Cox et al. (2006) interpret an upon-the-west high-angle reverse fault in a shallow seismic reflection profile. The
horizontal gradient maximum magnitude along this fault is less than observed along other
faults we interpret. We feel confident that having interpretations of both basement
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faulting and near-surface faulting along this lineament supports our interpretation and
assignment of intermediate ranking.
Parrish and Van Arsdale (2004) interpreted this fault to be a part of the eastern
Reelfoot rift margin fault zone. We suggest this gradient maximum marks the most
inboard fault of the eastern Reelfoot rift margin fault zone north of the Covington Pluton
(Figure 6).
Fault Pick VIII
We rank fault pick VIII as low in confidence due to the alignment of the gradient
maximum with only one basement fault interpretation (Figure 5 & Table 2). The
basement fault on this gradient maximum is a normal, down-on-the-northwest fault
(Figure 3c) (Parrish and Van Arsdale, 2004) that is located slightly to the east of the
gradient maxima (Figure 5). The offset of the basement fault and the gradient maxima is
consistent with northwest dipping normal fault (Grauch and Hudson, 2007).
Fault Pick IX
Fault pick IX has an intermediate confidence ranking based on two corresponding
pieces of data indicating faulting in the basement (Figure 5 & Table 2). Due to the
orientation of the gradient maximum, we interpret fault pick IX to consist of two
segments, IXa and IXb (Figure 5 & Table 2). Parrish and Van Arsdale (2004) interpret a
down-on-the-northwest normal fault on segment IXb (Figure 3e). Also, there is an
epicenter located along segment IXb (Figure 5).
Moment Magnitude Analysis
We calculate the earthquake potential of the faults we detected from the
relationship between subsurface rupture length and moment magnitude potential (Table
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2) (Wells and Coppersmith, 1994). The moment magnitude potential for the faults ranges
from Mw 6.0 on fault VIII to Mw 7.0 on fault II. When interpreting the moment
magnitude potential, we do not consider the individual segments of a fault but instead
consider them linked, even though the segments have different orientations. The decision
to consider the segments linked is due to the tendency of earthquake ruptures to jump
releasing and restraining bends (Wang et al., 2020).
Optimally Oriented Faults and Faulting Style
The predicted motion on our interpreted faults is shown in Figures 6a & 6b. Most
of the predicted motion is strike-slip, in accordance with the primary type of faulting in
the rift other than the Reelfoot thrust fault. Faults determined in our study with a strike
direction 030° from the maximum horizontal principal stress direction are optimally
oriented for failure (Sibson, 1985; Hurd and Zoback, 2012). Using the maximum stress
orientation of 094° ± 7° (Levandowski et al., 2016), three fault segments are oriented
preferentially for strike-slip reactivation even if the faults are listric at depth; these are
segments Ia, IIa, and VIb (Figure 6a) (Hildenbrand, 1982; Cakir and Akoglu, 2008;
Şentürk et al., 2019).
In general, fault segments with northeast and northwest striking faults are oriented
to produce right and left-lateral motion, respectively. On northeast-striking faults, left
steps generate restraining bends, and right-steps produce releasing bends while the
opposite is true on northwest-striking faults (Figure 6a). East–west striking faults should
produce normal offset while north–south striking faults should produce reverse offset.
We suggest that the east–west striking Warren Quarry anticline and the Sugar
Creek thrust fault mapped near Fault Ia and Ib by Vanderlip (2017), and reverse offset
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interpreted by Hao (2015), are the result of compressional stepovers (Figure 6a).
However, the strike and sense of motion of the Warren Quarry anticline and the Sugar
Creek thrust fault are not compatible with an east–west maximum stress direction
(Levandowski et al., 2016). We suggest that either complex flower structures may be
responsible for the disagreement with the faulting style and the strain ellipsoid or may be
the result of fault block motion due to the intersection of fault picks I and II (Talwani,
1988).
From the orientation of segment IIb we suggest this fault should undergo normal
oblique motion. From our interpretation of the strike direction on fault III, this fault will
reactivate with right-lateral strike-slip motion. However, if there is any curvature to a
more northerly strike on this fault, it would produce a vertical component of offset, which
is supported by focal mechanisms (Figure 5) (Chiu et al., 1997). Both faults VII and VIII
are oriented to have a significant component of reverse offset, which is consistent with
the reverse offset reported in Paleogene and younger sediments by Cox et al. (2006) and
reactivation of basement normal faults (Parrish and Van Arsdale, 2004). Fault IX is
oriented to produce reverse and right-lateral motion on segments IXa and IXb,
respectively. Our interpretation is supported by Parrish and Van Arsdale (2004) which
interpret reverse motion in a seismic reflection line (Figure 3e) located on segment IXa.
Active Faults
We interpret faults I, II, III, V, and IX to be active based on the correspondence of
earthquakes with the gradient maxima defining these faults; earthquakes provide the most
reliable evidence for present-day fault activity. However, we recognize the possibility
that gradient maxima may not be associated with a fault or that earthquake epicenters
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may be misaligned with the gradient maxima. Where epicenters are not present, we
correlate Holocene liquefaction features, surface lithologic evidence, seismic reflection
interpretations, and basin asymmetry analysis to assist in the interpretation of active
faulting.
Two epicenters plot near the trace of fault pick I; however, they are located to the
northwest of the gradient maximum (Figure 5). As discussed above, the gradient
maximum may be indicative of a zone of faults rather than a single fault, and the
epicenters could occur within the fault zone. Active faulting is suggested by Pleistocene
sediment down-dropped into an east–striking graben located in the center of the Warren
Quarry anticline (Figure 5) (Vanderlip, 2017), and mapped Holocene sand blows close to
fault I (Tuttle et al., 2002) (Figure 6a). Drainage basin asymmetry vectors indicate
possible basement uplift near this fault (Cox et al., 2001).
We suggest that fault pick VII may be active, although there is no active
seismicity on this fault (Figure 5). Our suggestion is based on previous trench research,
indicating post 21 ka seismicity at Porters Gap (Cox et al., 2006), which is collocated on
this fault pick.
Discussion
Eastern Reelfoot Rift Margin Fault Model
Based on our fault interpretations, shown on Figure 6a, we suggest that the
eastern Reelfoot rift margin north of the Covington pluton is approximately 21 km wide,
which is 13 km wider than previously mapped (Nelson and Zhang, 1991; Dart and
Swolfs, 1998; Parrish and Van Arsdale, 2004; Csontos et al., 2008), and identify three
major rift bounding faults instead of two, with fault IX being the easternmost fault of the
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rift. In addition, the gradient maxima for individual fault traces of the rift margin are
much narrower north of the Covington pluton. Our observations support the presence of
a northwest-trending fault (fault II) which may predate the formation of the Reelfoot rift,
as suggested by Dart and Swolfs (1998) and Csontos et al. (2008), and may have acted as
a structural boundary to the north and south of the Covington pluton and a zone of
weakness where igneous intrusions were emplaced.
As shown in Figure 6a, the wider rift zone suggested by our identified faults may provide
evidence in support of additional Neoproterozoic to Early Paleozoic grabens occurring
along the southeast margin of the Reelfoot rift (Johnson et al., 1994). Previous research
suggests that rifting during the breakup of Rodinia extends to the southeast of the
Reelfoot rift, into Alabama (Johnson et al., 1994). We suggest that the wider extent of the
Reelfoot rift may provide local evidence for a broader zone of crustal extension during
the breakup of Rodinia.
Seismic Hazard
The results of this study indicate that the section of the eastern Reelfoot rift
margin investigated in our study has seismic potential that agrees with Coppersmith et al.
(2012), in that, the eastern rift margin may generate magnitude 7+ earthquakes. However,
our study was restricted to the northeastern section of the eastern Reelfoot rift margin and
did not capture the full eastern Reelfoot rift margin fault geometry. Larger faults may be
present along the eastern Reelfoot rift margin, which have yet to be identified.
Segments of faults that are preferentially oriented for failure in the modern stress
field identified in our study may impact seismic hazard evaluation. Specifically, segment
IIa is optimally oriented for strike-slip motion and is part of the longest fault we
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Figure 6 a) Digital elevation model of the study area indicating the location of our interpreted faults (Table 2). Roman
numerals identify the faults and letters identify the corresponding fault segments. Thick white lines are eastern Reelfoot rift
margin basement faults as mapped by Csontos et al. (2008). The margin of the Covington Pluton is marked by a thin dashed
black line, as mapped by Hildenbrand et al. (2001). Thin black lines are state boundaries. ERRM: Eastern Reelfoot rift margin;
CP: Covington pluton; AR: Arkansas; TN: Tennessee; MO: Missouri. b) Strain ellipsoid with the expected faulting type based
on fault orientation in the modern stress field modified from Van Arsdale and Cupples (2013).
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identify. Other identified faults have orientations that are reasonably well aligned for
failure in the present-day stress field and may pose unrecognized seismic hazard. Future
large earthquakes will occur in the NMSZ and faults along the eastern margin of the rift
could reactivate. New insights into the driving mechanism are being provided by
investigations of mantle velocity structure that indicate the presence of a pronounced
low-velocity zone below the Reelfoot rift (Chen et al., 2014, 2016; Pollitz and Mooney,
2014; Nyamwandha et al., 2016). Numerical modeling indicates that the presence of the
low velocity effectively concentrates stress in the brittle upper crust (Zhan et al., 2016). It
is also argued that the presence of the Missouri batholith serves as a zone of weakness or
concentrates stress in the upper crust in the NMSZ (Hildenbrand et al., 1996).
Earthquakes can be triggered in the highly stressed crust by several factors such as overpressurization of pore fluids in faults (Wolf et al., 2005); over-pressurization may reduce
the effective stress on faults and bring them closer to failure. Given the danger that the
Reelfoot rift faults pose to the central and eastern U.S., basement fault structure should be
investigated using many different sources of information. Our study indicates that
basement faults can be detected by combining evidence from geology, seismology, and
potential fields.
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Chapter 3
Aeromagnetic Interpretations of the Crittenden County Fault Zone
Introduction
The Reelfoot rift produces the highest rate of naturally occurring intraplate
seismicity in North American (Figure 7) (Schulte and Mooney, 2005). Seismicity
concentrates in the north-central section of the rift, in the New Madrid seismic zone
(NMSZ) (CERI earthquake catalog). The NMSZ is responsible for generating at least
three sequences of large magnitude earthquakes 500 years apart, with the last sequence
occurring in 1811–1812 (Tuttle et al., 2002; Cramer and Boyd, 2014). The NMSZ
garners significant attention due to the seismic hazard it poses to large population centers
located within the strong isoseismal contours of the 1811–1812 events, namely Memphis,
TN (Cramer and Boyd, 2014). However, there are multiple fault zones located in other
portions of the rift that may be capable of generating moment magnitude (Mw) 7+
earthquakes (Crone, 1992; Williams et al., 2001; Coppersmith et al., 2012). One example
is the eastern Reelfoot rift Margin (Chiu et al., 1997; Cox et al., 2006; Coppersmith et al.,
2012).
A well-known fault along the eastern Reelfoot rift margin is the Crittenden
County fault zone (Crone, 1992; Luzietti et al., 1992, 1995; Williams et al., 1995).
Previous research, using seismic reflection profiles, describes the fault zone as an 8 km
wide zone of up-to-the northwest reverse motion extending northeast to southwest for a
minimum of 32 km that ties to the eastern Reelfoot rift margin basement faults. The fault
zone is of interest because previous researchers locate it approximately 25 km northwest
of Memphis, TN (Figure 8) (Crone, 1992). Also, the fault zone shows evidence of
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Figure 7. Map of the Reelfoot rift. The top left is an inset map indicating the general
location of the Reelfoot rift. Earthquake epicenters from 1974 to April 2020 are from the
Center for Earthquake Research and Information catalog and color-coded based on
magnitude. Reelfoot rift boundary faults mapped by Csontos et al. (2008) are shown as
heavy black lines. State boundaries are shown as thin black lines. WRRM: Western
Reelfoot rift margin; ERRM: Eastern Reelfoot rift Margin; R.T.: Reelfoot Thrust Fault;
CCFZ: Crittenden County Fault Zone (in red); AR: Arkansas; MS: Mississippi; MO:
Missouri; KY: Kentucky; TN: Tennessee; M: Memphis.
multiple reactivations since Paleozoic time and may have been active as recently as the
Quaternary (Luzietti et al., 1992, 1995; Williams et al., 1995).
There are significant gaps in understanding both the length and structure of the
Crittenden County fault zone and the eastern rift margin due to the limited spatial and

51

vertical resolution in previous studies. Seismic reflection profiles provide some
constraints on the Crittenden County fault zone's length and geometry; however, the
reflection profiles have a 5 km line spacing, and there are no constraints on the fault
zone's southern extent (Crone, 1992). Additional research on the Crittenden County fault
zone and the southern section of the eastern Reelfoot rift margin is warranted to
determine both the geometry and length of both fault systems. From a seismic hazard
perspective, the length of a fault system is a statistically significant indicator of an
earthquake's moment magnitude potential (Wells and Coppersmith, 1994).
This research addresses questions regarding the length and geometry of the
Crittenden County fault zone and the southern section of the eastern Reelfoot rift margin.
Specifically, are these faults continuous or segmented, as this will significantly impact
the magnitude potential (Wells and Coppersmith, 1994). To address these questions, we
use aeromagnetic data sets, integrated with the previous seismic reflection data sets, so
that we may construct a fault model from the magnetic basement to the shallow subsurface over a broader geographic region.
Tectonic History
Basement rocks in the Reelfoot rift and surrounding region consist of the
Mesoproterozoic Eastern Granite Rhyolite Province (Van Schmus et al., 2007).
Formation of the rift began as the Argentine Precordilla rifted from Laurentia during the
breakup of Rodinia in the Neoproterozoic (Thomas, 2006; Whitmeyer and Karlstrom,
2007). Deposition of the Davis-Derby Doe Run formation during the Early Cambrian
marks the end of active rifting and the initiation of rift-wide subsidence (Nelson and
Zhang, 1991). Major northeast-trending basement normal faults mark the locations of the
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western and eastern margins of the Reelfoot rift. Along the eastern Reelfoot rift margin,
basement faults have a down-on-the-northwest sense of motion (Hildenbrand, 1982;
Howe, 1985; Nelson and Zhang, 1991; Dart and Swolfs, 1998; Parrish and Van Arsdale,
2004; Csontos et al., 2008) while faults on the western margin have a down-on-thesoutheast sense of motion (Hildenbrand, 1985; Dart and Swolfs, 1998).
During the Paleozoic, preferentially oriented faults in the midcontinent began
reactivating due to an increase in far-field stresses resulting from the Taconic, Acadian,
Ouachita, and Alleghenian orogenies (Clendenin and Diehl, 1999; Richard W. Harrison
and Schultz, 2002; Cox, 2009; Craddock et al., 2017). Also, faults in and around the rift
served as magma pathways during the multiple igneous intrusion events in the Paleozoic
(Hildenbrand, 1985; Hildenbrand and Hendricks, 1995).
During Mid-Cretaceous, North America passed over the enhanced Bermuda
hotspot near the southern margin of the Reelfoot rift, resulting in up to 2 – 3 km of
thermal uplift in the rift (Cox and Van Arsdale, 1997, 2002). The uplift and erosion of
the rift created a significant unconformity between Upper Cretaceous sediments and the
Late Cambrian to Early Ordovician Knox Group (Imlay, 1949; Caplan, 1954; Marcher
and Stearns, 1962; Cox and Van Arsdale, 1997, 2002).
The Quaternary and Holocene mark the occurrence of multiple significant seismic
events in the northern Reelfoot rift (Johnston and Schweig, 1996; Tuttle et al., 2002;
Cramer and Boyd, 2014). the eastern Reelfoot rift margin (Cox, Van Arsdale, Harris, et
al., 2001; Cox et al., 2006, 2013) and along the southern margin of the rift (Al-Shukri et
al., 2005; Tuttle et al., 2006). Researchers attribute seismicity on Reelfoot rift faults to
result from a combination of an east–west far-field stress, lower-crustal weakness,
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Figure 8. A digital elevation map of the study area. The Crittenden County fault zone,
shown in red, as mapped by Crone (1992). Seismic reflection lines from Crone (1992) are
shown as dashed lines and are labeled A through H. Eastern Reelfoot rift margin
basement faults mapped by Csontos et al. (2008) are displayed as bold black lines.
Earthquake epicenters are from the Center for Earthquake Research and Information
catalog and are color-coded based on magnitude. ERRM: Eastern Reelfoot rift Margin;
AR: Arkansas; TN: Tennessee; MS: Mississippi.
and a dense mafic body in the lower crust which may be sinking or concentrating stress
(Kenner and Segall, 2000; Pollitz et al., 2001; Levandowski et al., 2016). Laurentide
glaciation, Holocene erosion in the Mississippi embayment, and possible Farallon flat
slab subduction may also contribute to Quaternary and Holocene seismicity in the rift
(Grollimund and Zoback, 2001; Forte et al., 2007; Calais et al., 2010).
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Methods
Aeromagnetic Data
In this project, we use publicly available satellite corrected aeromagnetic data
from the USGS and use Oasis Montaj version 6.4 for data processing (Figure 9) (Bankey
et al., 2002) (see data links). Most of the aeromagnetic data in our study area was
collected in 1976, with a flight line spacing of 1.6 km (Hildenbrand and Johnson, 1977)
(Figure 10). Necessary processing steps include removing the Definitive Geomagnetic
Reference Field (DGRF) for the correct survey dates, calculating an equivalent magnetic
field at 305 m above the terrain from survey flight altitudes, then gridding the data to 1
km to create the North American magnetic anomaly grid. For further details on data
processing, see Bankey et al.(2002).
Horizontal Gradient Method
The horizontal gradient method is a magnetic edge detection technique that may
produce a gradient maximum over faults that juxtapose rocks of different magnetic
susceptibility (Cordell and Grauch, 1985). Geologic contacts between rocks of different
magnetic properties produce magnetic gradient maximums. However, the gradient
maximum does not have to correlate with a fault. Therefore, we attempt to validate fault
interpretations from the horizontal gradient using seismic reflection data.
Along the eastern Reelfoot rift margin, we assume a truncated layer model for a
magnetic anomaly in which our high magnetic susceptibility layer (i.e., the basement
rock) is offset due to faulting (Figure 11) (Grauch and Hudson, 2007). We feel this is a
reasonable assumption as previous seismic reflection interpretations call for normal offset
in basement rocks of the eastern rift margin (Nelson and Zhang, 1991; Dart and Swolfs,

55

1998; Whitmeyer and Karlstrom, 2007; Csontos et al., 2008). Basement faulting
produces a magnetic susceptibility contact along the normal faults of the eastern Reelfoot
rift margin where low magnetic susceptibility sediments are in contact with higher
magnetic susceptibility basement rocks (Hildenbrand, 1982; Nelson and Zhang, 1991;
Dart and Swolfs, 1998). The presence of this susceptibility contrast implies that we
should be able to trace faults along the eastern Reelfoot rift margin using the horizontal
gradient method, which should reach a maximum above the magnetic basement fault
contact (Grauch and Hudson, 2007).
We chose to use the horizontal gradient method as opposed to other edge
detection techniques (e.g., local wavenumber, tilt-depth method, analytic signal) as it is
less susceptible to noise in the data (Phillips, 2000; Salem et al., 2007). The first step in
processing requires a pseudo-gravity or a reduction-to-pole (Figure 12) transformation to
the aeromagnetic grid. Both the pseudo-gravity and reduction-to-pole transformations
remove the effect of the ambient magnetic field's inclination and declination on the
induced field produced by the source body. Thereby, both transformations locate the
magnetic anomalies directly above the source bodies’ (Cordell and Grauch, 1985; R. J.
Blakely, 1995). For this study, we use the reduction-to-pole transformation (Figure 12)
(Grauch and Hudson, 2007, 2011; Shah and Crain, 2018). The correct inclination and
declination values for the transformation are 66° and 3°, respectively. We then calculate
the horizontal gradient of the reduction-to-pole magnetic anomaly (Figures 13 & 14) as
per equation 1:
2

2

𝜕𝑀
𝜕𝑀
|𝐻(𝑥, 𝑦)| = √( ) + ( )
𝜕𝑥
𝜕𝑦
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(1)

Figure 9. A total magnetic intensity map of the study area. The Crittenden County fault
zone, as mapped by Crone (1992), shown as a black toothed line. Seismic lines used to
map the fault zone labeled A – H from Crone (1992). Seismic line L1 is from Williams et
al. (2001). Seismic line 115 is from Hao et al. (2013). Bold black dashed lines are eastern
Reelfoot rift margin basement faults mapped by Csontos et al. (2008). White lines are
state boundaries. ERRM: Eastern Reelfoot rift Margin; AR: Arkansas; TN: Tennessee;
MS: Mississippi; M: Memphis.
where H is the horizontal magnetic gradient, and M is the reduction-to-pole magnetic
anomaly.
Estimation of Depth to Magnetic Basement
We use the analytic signal method to estimate the depth of the magnetic basement
along the Crittenden County fault zone and the southern section of the eastern Reelfoot
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Figure 10. A horizontal gradient magnetic map of the study area with the aeromagnetic
survey flight lines overlaid. Not shown on this figure is the 1.6 km spaced east-west flight
lines from Hildenbrand and Johnson (1977).

rift margin (Nabighian, 1972, 1974; Roest et al., 1992). The analytic signal (Figure 15) is
the square root of the sum of squares of the first horizontal and vertical derivatives of the
total magnetic field, seen in equation 2:
𝜕𝑉 2

𝜕𝑉 2

𝜕𝑉 2

𝐴𝑆 = √(𝜕𝑥 ) + (𝜕𝑦) + ( 𝜕𝑧 )

(2)

where AS is the analytic signal, and V is the total magnetic field. Calculation of the
horizontal derivatives of the total magnetic field is straight forward, and the vertical
derivative results from the fact that the Laplacian of a potential field is zero, i.e. that the
sum of second derivatives in the three orthogonal directions is zero (Blakely, 1995). The
derivatives are calculated in the Fourier domain as implemented in Oasis Montaj.
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Figure 11. a) A conceptual representation of a truncated-layer model modified from Grauch and Hudson (2007). OL: Observation
level; RTP: Reduction-to-pole: HGM: Horizontal gradient maximum. b) An interpreted section of seismic reflection line TN3
modified from Dart and Swolfs (1998) across the eastern Reelfoot rift margin. The only magnetically susceptible layer is the Eastern
Granite Rhyolite Province basement rocks (Hildenbrand, 1982). Based on the similarities between the offset in the basement rock and
the truncated-layer model, we suggest that this model is valid. c) This is a cross-section across the center CCFZII (Figure 13a). The
behavior of the TMI and the HGM of the RTP field is very similar to that shown in the truncated-layer model. TMI: Total magnetic
intensity.
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Figure 12. A reduction-to-pole magnetic anomaly map of the study area. State boundaries
are white lines. The Crittenden County fault zone, as mapped by Crone (1992), shown as
a black toothed line. Seismic lines used to map the fault zone labeled A – H from Crone
(1992). Seismic line L1 is from Williams et al. (2001). Seismic line 115 is from Hao et
al. (2013). Bold black dashed lines are eastern Reelfoot rift margin basement faults
mapped by Csontos et al. (2008). ERRM: Eastern Reelfoot rift Margin; AR: Arkansas;
TN: Tennessee; MS: Mississippi; M: Memphis.
A benefit of using the analytic signal method for depth analysis is that it limits the
number of assumptions made about the underlying geology and magnetic source body,
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which is assumed to be a 2-D isolated source that is significantly thicker than the
overlying sediment (Nabighian, 1972; Roest et al., 1992). Additionally, for a linear
structure, the analytic signal does not require knowledge of the remnant magnetization
direction of the source body as the technique is not sensitive to variations of the
inclination and declination of the magnetic field through time (Nabighian, 1972, 1974;
Nabighian et al., 2005). We suggest that the magnetic source of the Crittenden County
fault zone is significantly linear and isolated from other magnetic sources (Hildenbrand,
1985) with a substantially thick source body with thick non-magnetic sediment cover
(Hildenbrand, 1982; Crone, 1992) to satisfy the assumptions necessary for the analytic
signal technique.
The analytic signal is an edge detection technique where the magnetic source
body's location is directly below a symmetric bell-shaped function of the amplitude of the
analytic signal (Roest et al., 1992). To estimate the magnetic body's source depth, we
determine the first vertical derivative of the total magnetic intensity, equation 3, then take
the analytic signal of the first vertical derivative of the total field, following equation 4.
The analytic signal of the total field is compared to the analytic signal of the first vertical
derivative magnetic field, at the analytic signal's maximum amplitude location. We then
correct for the structural index which corresponds to the geometry of the magnetic
source, equation 5 (Reid et al., 1990; Al-Badani and Al-Wathaf, 2018):
𝑓𝑣 =

𝜕𝑉

(3)

𝜕𝑧

where fv is the first vertical derivative of the total magnetic field

𝜕𝑓𝑣 2

𝜕𝑓𝑣 2

𝜕𝑓𝑣 2

𝐴𝑆1 = √( 𝜕𝑥 ) + ( 𝜕𝑦 ) + ( 𝜕𝑧 )
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(4)

𝐴𝑡 𝑡ℎ𝑒 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
𝐴𝑆

𝐷 = 𝐴𝑆1 × 𝑁

(5)

where AS1 is the analytic signal of the first derivative total magnetic field, AS is the
analytic signal, D is the depth of the source body below the maximum amplitude of the
AS in km, and N is the structural index.
We use a structural index of 1 for a magnetic contact that is appropriate for
basement normal faults, which researchers interpret in seismic reflection profiles along
the eastern Reelfoot rift margin (Reid et al., 1990; Nelson and Zhang, 1991; Dart and
Swolfs, 1998; Parrish and Van Arsdale, 2004). We then grid the point data (Figure 16)
and take an along strike cross-section of the Crittenden County fault zone and the eastern
Reelfoot rift margin that correlates to the maximum amplitude of the analytic signal to
visualize depth variations along these fault systems, displayed as the cross-section line on
Figure 17. The results from our gridded data are only applicable to the fault zone, and not
the surrounding region as we are unsure of the location and structural index of the source
bodies.
We chose to use the analytic signal for our depth analysis instead of other
methods such as Euler deconvolution and the tilt-depth method for several reasons. Euler
deconvolution generates automated depth solutions that are dependent on the data
window size and the structural index (Reid et al., 1990). Thereby, we lose the ability to
select the specific gradient maximum that is associated with the contact of the Crittenden
County fault zone, and there may be an increase in the error of depth estimation if we use
the incorrect window size (Reid et al., 1990). The tilt-depth method also generates
automated depth solutions. However, the method does not rely on either a structural
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index or a window size for its depth estimation (Salem et al., 2007, 2010; Fairhead et al.,
2011). Additionally, the tilt-depth method requires a reduction-to-pole transformation of
the magnetic data, which may introduce additional error into the depth estimate if any
remnant magnetization is present in the source body (Salem et al., 2007, 2010; Fairhead
et al., 2011).
Moment Magnitude Analysis
For this project, we use the subsurface rupture to moment magnitude (Mw)
relationship, equation 6, from Wells and Coppersmith (1994):
𝑀𝑤 = 𝑎 + 𝑏 × log (𝑅𝐿𝐷)

(6)

where Mw is moment magnitude, a is a coefficient equal to 4.38 with a standard error of
0.06, b is a coefficient equal to 1.49 with a standard error of 0.04, and RLD is the
subsurface rupture length in km.
We interpret and measure faults from the horizontal gradient method analysis and
calculate the Mw value within one standard error, providing a range of magnitude values
for each fault. Somerville and Saikia (2000) define the relationship of fault area to Mw for
the central United States. However, this relationship requires knowledge of fault width.
There is a lack of hypocenters to constrain the fault widths in our study area. Therefore,
we chose to use the Wells and Coppersmith (1994) subsurface rupture length to Mw
relationship.
Results
Crittenden County Fault Zone Structure
From the horizontal gradient method, we interpret the Crittenden County fault
zone to consist of five fault segments, CCFZ-I, CCFZ-II, CCFZ-III, CCFZ-P, and
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Figure 13. A horizontal gradient magnetic map of the study area. The Crittenden County
fault zone, as mapped by Crone (1992), shown as a black toothed line. Seismic lines used
to map the fault zone labeled A – H from Crone (1992). Seismic line L1 is from Williams
et al. (2001). Seismic line 115 is from Hao et al. (2013). The yellow line is a east-west
trending fault mapped by Van Arsdale and Cupples (2013). The thick black lines are the
Wolf Graben mapped by Martin and Van Arsdale (2017). Bold black dashed lines are
eastern Reelfoot rift margin basement faults mapped by Csontos et al. (2008). White lines
are state boundaries. The grey line marks the location of the cross-section from Figure
11c. ERRM: Eastern Reelfoot rift Margin; NWG: Northern Wolf Graben margin; SWG:
South Wolf Graben margin; AR: Arkansas; TN: Tennessee; MS: Mississippi; M:
Memphis.
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Figure 14. a) A horizontal gradient magnetic anomaly map. Black lines are interpreted faults of the Crittenden County fault zone, and
the white lines are interpreted gaps. Seismic reflection lines are labeled A-H, from Crone (1992). Thin white lines are state boundaries.
AR: Arkansas; TN: Tennessee; MS: Mississippi; M: Memphis. b) A horizontal gradient magnetic anomaly map with the cross-section
A-A' along the Crittenden County fault zone, shown in Figure 16. Thin white lines are state boundaries. AR: Arkansas; TN:
Tennessee; MS: Mississippi; M: Memphis.
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CCFZ-PI (Figures 14a & 15, Table 3).
Fault picks CCFZ-I, CCFZ-II, and CCFZ-III correspond to previous Crittenden
County fault zone interpretations (Crone, 1992). In these locations, the horizontal
gradient maxima are offset slightly to the northwest of the interpreted Crittenden County
fault zone location (Figure 13) (Crone, 1992). The offset of the gradient maxima, from
the magnetic basement to the near-surface, is consistent with a fault dipping steeply to the
northwest (Grauch and Cordell, 1987; Crone, 1992; Grauch and Hudson, 2011). From the
horizontal gradient map, we suggest that the Crittenden County fault zone extends up to
16 km further along strike to the southwest of its current mapped location along the
southwestern extension of the eastern Reelfoot rift margin (Figure 14a). Also, we identify
a strong trend in the gradient maxima, which intersects the gradient maxima associated
with the previously mapped Crittenden County fault zone and extends 31 km to the east
(Figure 14a). We suggest these gradient maxima may consist of two separate faults,
CCFZ-P and CCFZ-PI, which appear to be associated with the eastern Reelfoot rift
margin (Figures 14a & 16).
We interpret fault picks CCFZ-I, CCFZ-II, and CCFZ-III to be three separate
faults as opposed to one continuous fault as there is a reduction of the gradient maxima
between the faults, which we identify as gaps I and II (Figures 14a, 16, & 17). However,
we recognize that there are other possible reasons for variation in the gradient maxima
along the mapped section of the Crittenden County fault zone. Possible reasons include
differences in initial fault offset, magnetic susceptibility variation along the strike of the
fault, and the presence of localized high magnetic susceptibility intrusions into the
overlying Paleozoic rocks, which Crone (1992) identifies. Additionally, we recognize the
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possibility that the lows in the gradient maxima are artifacts of east-west flight paths
during data collection, and these three gradient maxima are in fact one continuous
gradient high as opposed to three isolated gradient maxima (Hildenbrand and Johnson,
1977).
Based on the magnetic horizontal gradient results and existing reflection seismic
data, it seems probable that CCFZ-P and CCFZ-PI are part of the eastern Reelfoot rift
margin. The division between the two fault segments, gap III, is made on the basis of
seismic line B from Crone (1992), which does not show any offset in reflectors (Figures
14a, 16, & 17). The strong gradient maxima continues farther northeast, past gap III, and
coincides with previous interpretations of faults along seismic reflection profiles L1 and
line 115 (Williams et al., 2001; Cox et al., 2006; Hao et al., 2013). We identify this
section of the fault as CCFZ-PI. Based on this, we suggest that the northernmost fault in
seismic line 115 and the interpretation of the Meeman-Shelby fault in seismic line L1, are
part of the eastern Reelfoot rift margin fault system and may connect to the Crittenden
County fault zone (Figure 13) (Williams et al., 2001; Hao et al., 2013).
Table 3. Fault name, length, and strike direction.
Fault Name
Fault Length (km)
CCFZ-I
18.1
CCFZ-II
10.6
CCFZ-III
10.6
CCFZ-P
11.4
CCFZ-PI
15.8
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Fault Strike
055°- 086°
045°
038°
082°
065° - 085°

Figure 15. Analytic signal map of the Crittenden County fault zone with the location of
cross-section A-A' from Figure 14b. White lines are state boundaries. AR: Arkansas; TN:
Tennessee; MS: Mississippi; M: Memphis.
Depth to Magnetic Basement
We display a depth to magnetic basement map in Figure 16 and the along-strike
depth to the magnetic basement of the Crittenden County fault zone and the eastern
Reelfoot rift margin in cross-section A-A' (Figure 17). The depth to magnetic basement is
relative to the observation level of 305 meters. Significant variation in the depth to the
magnetic basement are apparent and correlate with the three fault gaps we interpret
68

Figure 16. Depth to the magnetic basement map. The structural index is 1. Depth
solutions are only applicable to the locations of the interpreted faults and gaps in the
Crittenden County fault zone based on the interpretation criteria of the analytic signal
depth analysis. White lines are state boundaries. AR: Arkansas; TN: Tennessee; MS:
Mississippi; M: Memphis.
using the horizontal gradient method (Figures 14a, 16, & 17). We recognize gaps I and II
correspond with flight paths and that the increase in depth may be an artifact of the data.
The depth to magnetic basement is deepest along the southwestern segment of the
Crittenden County fault zone (CCFZ-I), reaching depths upwards of 6.0 km. In
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comparison, depth to the basement along the northeastern segment (CCFZ-PI) is roughly
3.0 km. It is in the gaps that depth to magnetic basement significantly increases. In gaps I
and II, the depth to magnetic basement reaches nearly 6.5 km, which is up to 3 km deeper
than the adjacent sections of the fault zone. Near the southern end of gap I, Crone (1992)
interpreted two mafic sills above the basement rock, the deepest at 7.1 km depth. Using
the 7.1 km depth as a minimum depth to basement and correcting our results for the 0.305
km observation level, our depth results in gap I are 13 percent shallower than Crone
(1992). Gap III is the shallowest gap at 4.5 km at its deepest location; however, it is still
up to 1 km deeper than the surrounding sections of the fault zone.
We recognize the possibility that mafic sills may be present near the base of the
Paleozoic section which may produce shallower depth estimates for the crystalline
basement using potential field depth estimations (Crone, 1992). Thereby, we recognize
the possibility that the shallower sections of depth to basement may be mafic intrusions
emplaced into the overlying sedimentary rocks, providing a significant source of error in
our depth estimations.
Crittenden County Fault Zone and ERRM Moment Magnitude Analysis
We present eight rupture scenarios for the Crittenden County fault zone and the
eastern Reelfoot rift margin because of the uncertainty in the structural continuity of the
faults (Table 4). Fault lengths are used to determine maximum magnitude earthquakes
based on the Wells and Coppersmith (1994) relationship. For scenario I, we assume total
connectivity of the Crittenden County fault zone in the basement and a rupture along its
entire length. Under this scenario, the fault zone could generate an Mw 6.8 to 7.1
earthquake (Table 4).
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In scenarios II, III, IV, V, VI, we assume that the Crittenden County fault zone
and the eastern Reelfoot rift margin are composed of unconnected faults that may have
large enough gaps between them to isolate earthquake ruptures. Under the above
assumptions, the maximum magnitude earthquake that individual faults could generate
ranges from Mw 5.9 to 6.5 (Table 4). However, we are unclear on the size of the fault gap
required to facilitate the arrest of a fault rupture.
Under scenarios VII and VIII, respectively, we assume there is connectivity in the
Crittenden County fault zone between CCFZ-I and CCFZ-II, but not CCFZ-III, and
connectivity between CCFZ-II and CCFZ-III, but not CCFZ-I. With these assumptions,
scenario VII has the potential to generate a Mw 6.4 to 6.7 earthquake, while scenario VIII
could generate a Mw 6.2 to 6.5 earthquake (Table 4).
Table 4. Fault name, length, and maximum moment magnitude for rupture scenarios.
Moment magnitude values range from -1 to +1 standard error (S.E.) of the median value.
Scenarios
Fault Name Length (km)
-1 SE Median
+1 SE
I
CCFZ
51.0
6.8
6.9
7.1
II
CCFZ-I
18.1
6.1
6.3
6.4
III
CCFZ-II
10.6
5.8
5.9
6.0
IV
CCFZ-III
10.6
5.8
5.9
6.0
V
CCFZ-P
11.4
5.9
6.0
6.1
VI
CCFZ-PI
27.2
6.4
6.5
6.6
VII
CCFZ-I&II 28.7
6.4
6.6
6.7
VIII
CCFZ21.2
6.2
6.4
6.5
II&III
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Figure 17. Cross-section along the interpreted Crittenden County fault zone. Depth to the magnetic basement below the observation
level of 305 m is represented by the green line, the analytic signal (AS) is represented by the red line, and the blue line represents the
horizontal gradient maximum (HGM). The location of the cross-section is shown in Figures 14b and 15. Vertical black lines mark our
interpreted fault segment boundaries in the Crittenden County fault zone.
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Discussion
Structure of the CCFZ
From both the horizontal gradient method and the depth to magnetic basement
analysis, we suggest that the Crittenden County fault zone may consist of multiple
separate faults. A possible supporting line of evidence is the differing amount of offset
Crone (1992) interprets in seismic reflection profiles across the fault zone. Along the
southernmost section of the fault zone, CCFZ-I (Figure 13a), the fault shows 15 m of
relief across Cretaceous reflections and between 30 – 70 m of relief across Paleozoic
reflections (Crone, 1992). In contrast, CCFZ-II shows only five meters of relief across
Cretaceous reflectors and five to ten meters of Paleozoic relief on seismic line G (Figure
8). The western section of seismic line D crosses CCFZ-II. Here, there is no relief on
Cretaceous reflectors and 20 meters of displacement on Paleozoic reflectors (Crone,
1992). Seismic lines C and A cross CCFZ-III (Figure 14a). The fault shows a maximum
of 20 m of offset on Cretaceous reflections and 20 m of offset on Paleozoic reflections on
line C (Crone, 1992). On line A, the fault shows 30 m of Cretaceous offset and 40 m of
Paleozoic offset (Crone, 1992). If the Crittenden County fault zone were a continuous
structure, the most significant offset would be expected to occur at the center of the fault
zone and lessen towards the fault tips (Kim and Sanderson, 2005). However, there are
significant differences in throw throughout the fault zone, which may indicate the
Crittenden County fault zone consists of multiple separate faults.
Martin and Van Arsdale (2017) map the Eocene Wolf Graben to the east of the
Crittenden County fault zone. The northern and southern bounding faults of this graben
are roughly aligned with gaps I and II (Figure 13). We suggest gaps I and II may be the
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northern and southern bounding faults of the Wolf Graben, which would also support the
Crittenden County fault zone being composed of separate faults. Additionally, Van
Arsdale and Cupples (2013) map an east-west normal fault that overlays our interpreted
southwestern extent of the Crittenden County fault zone (Figure 13).
Gap II
Luzietti et al. (1995) ran a series of short seismic lines along the Crittenden
County fault zone, two of which, BS-2 and GL-1, are located at the northern and southern
margin of gap II. Seismic line BS-2 is oriented north-south and crosses gap II along its
southern margin, showing an up-on-the-north sense of motion. In contrast, seismic line
GL-1 is oriented east-west and crosses gap II along its northern margin, showing an upon-the-west sense of motion (Luzietti et al., 1995). Both senses of motions are
compatible with a northeast striking, northwest-dipping reverse fault. However, we
suggest that the offset along this gap may be isolated from the other sections of the fault
zone. We base this on the depth analysis, where we estimate approximately 3 km of
offset in the basement between gap II and CCFZ-II and 2.0 km of offset between gap II
and CCFZ-III. We suggest that gap II may have a similar trend and sense of motion as the
other strands of the Crittenden County fault zone but may be separate from the main fault
by basement normal faults on its southwestern and northeastern margins, which may be
the northern and southern bounding faults of the Wolf Graben (Martin and Van Arsdale,
2017). Future seismic lines need to extend along the strike of the fault zone into the gaps
to determine if there is normal offset between the gaps and the Crittenden County fault
zone to test this hypothesis.
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Seismic Hazard
Previous assessments of the Crittenden County fault zone and the eastern Reelfoot
rift margin earthquake magnitude potential suggest these faults may generate an
earthquake exceeding Mw 7, which is consistent with scenario I, where the entire
Crittenden County fault zone ruptures (Table 4) (Wells and Coppersmith, 1994;
Coppersmith et al., 2012). However, in the five scenarios in which the Crittenden County
fault zone and eastern Reelfoot rift margin are discrete structures as determined from the
horizontal gradient method, analytic signal depth analysis, and seismic reflection data, the
maximum magnitude potential is significantly reduced. Thereby, these five scenarios
lower the seismic hazard potential of the Crittenden County fault zone and the
southwestern section of the eastern Reelfoot rift margin. The maximum magnitude is also
considerably less than Mw 7 in the scenarios where we suggest partial connectivity
between the fault systems. However, it is critical to determine which rupture scenario is
most accurate for the Crittenden County fault zone, which will require more seismic
reflection work and interpretation.
An important question to answer for each scenario is the potential for a fault to
rupture through the gaps we interpret. Numerical models show that earthquake ruptures
may jump upwards of 15 km on tensional stepovers and 7 km on compressional stepovers
(Wang et al., 2020). The Crittenden County fault zone does not have stepover zones.
However, the results of Wang et al. (2020) may suggest that a large enough earthquake
on an individual fault strand may rupture gaps I and II, generating a scenario I earthquake
(Table 2).
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The northeastern extent of CCFZ-PI correlates to multiple seismic reflection
profiles, trenching studies, and borehole data sets, in which researchers interpret offset
from the Meeman-Shelby fault (Williams et al., 2001; Cox et al., 2006, 2013; Odum et
al., 2010; Hao et al., 2013). Based on the spatial correlation of CCFZ-PI's horizontal
gradient maxima to the previous seismic reflection data sets, we interpret the fault to be a
part of the eastern Reelfoot rift margin. Also, we suggest that the Meeman-Shelby Fault
is a part of the eastern Reelfoot rift basement fault system as opposed to a fault system
located outside of the Reelfoot rift, as Hao et al. (2013) suggest. If this interpretation is
correct, then this section of the eastern Reelfoot rift is active, since trenching studies by
Cox et al. (2006, 2013) indicate multiple reactivations in the Holocene on the northern
section of this fault.
Depth to Magnetic Basement
Our depth to magnetic basement results suggests that the magnetic basement is
deeper than what Hildenbrand and Hendricks (1995) indicate along the Crittenden
County fault zone. For gaps I and II, our depth estimates are in closer agreement with
Crone's (1992) interpretation of the depth to crystalline basement on the Crittenden
County fault zone. Based on the agreement between seismic reflection and the analytic
signal technique, the analytic signal depth technique may provide a powerful tool for
depth analysis in the Reelfoot rift.
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Chapter 4
Mapping the Crystalline Basement of the Southcentral United States
Introduction
This study generates a high-resolution contour map of the crystalline basement for
the southcentral U.S. and focuses on the Reelfoot rift and surrounding region. We are
interested in the basement structure in this area because it will shed light on the geologic
history of the region. The Reelfoot rift has the highest rate of non-induced intraplate
seismicity in the United States (Schulte and Mooney, 2005), most of which occurs in the
New Madrid seismic zone (NMSZ). The NMSZ is located in the northcentral section of
the rift (Figure 18). Paleoseismic data indicate the NMSZ generated at least nine large
magnitude earthquakes in the Holocene (Tuttle et al., 2002; Cramer and Boyd, 2014).
The NMSZ Holocene earthquake recurrence rate for large earthquakes is roughly 500
years, and these earthquakes generate strong ground motions throughout the region (Van
Arsdale et al., 1998; Cramer, 2001; Tuttle et al., 2002).
The Reelfoot rift is a Neoproterozoic to Early Cambrian extensional structure
formed as the Argentine Precordilla rifted from Laurentia during the breakup of Rodinia
(Thomas, 2006; Whitmeyer and Karlstrom, 2007). While crustal extension appears to
have been concentrated in the Reelfoot rift region, prior potential field studies indicate
additional rifts are present to the southeast of the Reelfoot rift, suggesting widespread
extension during this time (Johnson et al., 1994). Following rift formation, the region was
subject to thick deposition of Paleozoic clastic and carbonate sequences, which can be
upwards of 3.3 km thick (Caplan, 1954; Li et al., 2019), followed by Upper Cretaceous

83

through modern-day sedimentation of clay, sand, marls, conglomerates, and aeolian loess
(Van Arsdale and TenBrink, 2000; Rittenour et al., 2007).
Previous researchers made contour maps of the crystalline basement below the
Reelfoot rift and the surrounding region using well and seismic data (Dart and Swolfs,
1998; Csontos et al., 2008). Mapping the depth to basement in this region is challenging
due to the thick sediment cover and the limited number of deep wells and seismic lines
(Nelson and Zhang, 1991; Johnson et al., 1994; Dart and Swolfs, 1998; Parrish and Van
Arsdale, 2004; Csontos et al., 2008; Thomas, 2011). Due to these limitations, in the
previous crystalline basement maps, large distances between data points were
interpolated, which can produce errors in interpretations (Dart and Swolfs, 1998; Csontos
et al., 2008).
Analysis of potential field data is a valuable method to interpret basement depth
and structures (Cordell and Grauch, 1985; Blakely, 1995; Nabighian et al., 2005). The
magnetic and gravity gradients associated with known and potential structures suggest
these data sets can significantly improve basement maps for our region of interest
because the magnetic susceptibility of the crystalline basement, including igneous
intrusions, is much higher than the susceptibility of the overlying sediment (Hildenbrand,
1982; Hildenbrand and Hendricks, 1995; Hildenbrand et al., 2001; Rabak et al., 2011).
The sizeable magnetic susceptibility contrast makes magnetic data analysis a powerful
addition for geologic interpretations (Steltenpohl et al., 2013; Shah and Crain, 2018).
We use aeromagnetic data to generate depth to basement estimates throughout the
region, then compile these depth estimations with previous well and seismic data sets.
The use of potential field data is compelling because there is extensive data coverage
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over the research area; we can generate depth solutions throughout the area, and we can
fill the gaps where no additional data is available to determine depth to the basement. We
argue that this research provides a significant contribution to understanding structures
related to the seismic hazard and geologic history of the Reelfoot rift.
Structure and Timing of the Eastern Granite Rhyolite, Grenville Front, and the
Reelfoot Rift
The Eastern Granite Rhyolite Province formed in the Mesoproterozoic (1.5 – 1.3
Ga) as juvenile terrain and island arcs collided with the southeastern margin of Laurentia
at the southern margin of the Mazatal/Central plains orogen (Figure 18) (Van Schmus et
al., 1996; Whitmeyer and Karlstrom, 2007). The collisional boundary is marked by the
Nd line (e.g., Bickford et al., 2015). From 1.48 – 1.35 Ga, extensive secondary intrusions
of A-type granite occurred throughout the province (Whitmeyer and Karlstrom, 2007).
The Eastern Granite Rhyolite Province petrology varies from granites and rhyolites to
mafics and sedimentary rocks (Van Schmus et al., 1996). At its lone exposure in the St.
Francis Mountains, southeastern Missouri, the exposed rock is a metalumious A-type
granite (Menuge et al., 2002). Menuge et al. (2002) suggest that the rocks formed along a
subduction zone undergoing crystal fractionation of a partially melted dacitic parent
magma formed in a back-arc setting from decompression melting of the mantle.
The Grenville orogeny timing is roughly 1.3 – 0.9 Ga, marking the formation of
the supercontinent Rodinia (Figure 18) (Thomas, 2006; Whitmeyer and Karlstrom, 2007).
The Grenville deformation front is mapped from northeastern Canada to Texas (Thomas,
2006). The front is mapped in outcrop in northeastern Canada (Pryer, 1993) and in
seismic reflection profiles in Lake Huron (Green et al., 1988) and Ohio
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Figure 18. Map of the Precambrian basement rocks of southeastern Laurentia with Proterozoic to Early Paleozoic faults superimposed
over the basement rocks and the Mississippi Embayment (ME) extent. Earthquake epicenters are from the Center for Earthquake
Research and Information Catalog from 1974 to August 2020. Shown in blue are the tectonic zones and Reelfoot rift basement faults
are from Csontos et al. (2008). The extent of the Eastern Granite Rhyolite Province (EGRP), shown in green, and the Mazatzal
Province (MZ) shown in blue, are from Whitmeyer and Karlstrom (2007). The location of the Grenville front (GF),
Appalachian/Ouachita front (AOF), and the Mississippi Embayment are from Thomas (2006). The Nd line, shown in solid yellow, is
from Van Schmus et al.(1996). ERM: Eastern Reelfoot rift margin; WRM: Western Reelfoot rift margin; AF: Axial fault; RF:
Reelfoot thrust fault; WRFZ: White River fault zone; BMTZ: Bolivar-Mansfield tectonic zone; OFZ: Osceola fault zone; CMTZ:
Central Missouri tectonic zone; GRTZ: Grand River tectonic zone (Csontos et al., 2008); AR: Arkansas; MO: Missouri; IL: Illinois;
KY: Kentucky; TN: Tennessee; AL: Alabama; MS: Mississippi.
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(Culotta et al., 1990). However, in the Midcontinent and southeastern United States, the
front has primarily been mapped from magnetics due to the thick sediment cover in the
region (Bickford et al., 1986; Atekwana, 1996).
During the Neoproterozoic to Late Cambrian, the Argentine Precordillira rifted
from Laurentia during the breakup of Rodina (Thomas, 2006; Whitmeyer and Karlstrom,
2007). As a result of crustal extension, a series of northeast-trending normal faults
formed and created the Reelfoot rift (Nelson and Zhang, 1991; Dart and Swolfs, 1998;
Parrish and Van Arsdale, 2004). A listric normal fault marks the western rift margin with
a down-on-the-southeast sense of motion with approximately one and a half kilometers of
throw (Nelson and Zhang, 1991). On the eastern rift margin, there are at least two, and
possibly three, down-on-the-northeast normal faults with upwards of three kilometers of
throw (Nelson and Zhang, 1991; Dart and Swolfs, 1998; Parrish and Van Arsdale, 2004;
Csontos et al., 2008; Marlow, Cox, et al., 2021). It is argued that northwest-trending
faults were present throughout the region before rifting, and the newly formed northeasttrending faults intersected them, forming eight fault-bound blocks within the rift (Figure
18) (Csontos et al., 2008).
Data
For this project, we use seismic reflection, drill hole, aeromagnetic, and
topographic data sets to determine the depth of crystalline basement relative to sea-level
and generate contour maps of the Precambrian basement rock for the southeastern United
States (Figure 19).
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Seismic Reflection and Drill Hole Data
Seismic reflection and drill hole data are from Csontos (2007). The Csontos
(2007) data set identifies depth to the Precambrian crystalline basement relative to the
land surface for multiple seismic reflection profiles and wells in the Reelfoot rift. This
dataset is compiled from Howe (1985), Wheeler et al. (1997), Dart and Swolfs (1998),
and (Parrish and Van Arsdale, 2004).
Magnetic Data
We use a publicly available magnetic grid from the United States Geological
Survey (Figure 20) (Ravat et al., 2009). The dataset has a grid spacing of 1.25 km, and
the magnetic anomaly values were corrected to 305m above the land surface. The Ravat
et al. (2009) magnetic grid combines short-wavelength anomalies from the North
American Magnetic Anomaly Map with long-wavelength anomalies from National
Uranium Resource Evaluation magnetic surveys.
Topographic Grid
The topographic grid we use for this project is part of the Digital Data Series 9,
which is publically available from the USGS (Phillips et al., 1993). The topographic grid
was created from the 30 x 30-second digital terrain data (Phillips et al., 1993).
Methods
All potential field data processing was performed using Oasis Montaj version 6.4.
For the magnetic data, depth solutions were obtained using the tilt-depth method (Figure
20) (Verduzco et al., 2004; Salem et al., 2007) and special functions (Phillips et al.,
2007). The depth solutions obtained from both methods were then combined with the
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datasets from Csontos (2007), and ordinary kriging was used to generate contour maps of
the crystalline basement (Csontos et al., 2008) (Figures 21, 22, 23, 24, & 25).
All depths were corrected to sea level. For the seismic and well locations, the
depth to the basement is relative to the surface topography (Csontos, 2007). To correct to
sea level, we sampled the topographic grid at each depth point in the Csontos (2007) data
set, which gave us the topographic elevation for each depth point. We then subtracted the
corresponding topography for each data point to reference each depth point to sea level.
Our depth solutions from the tilt-derivative and special functions were relative to an
elevation of 305 meters above the topography (Ravat et al., 2009). Therefore, we first
subtracted the 305 meters from each depth solution to reference the data to topographic
elevation. We did not downward continue the magnetic grid to avoid adding any highfrequency artifacts to the data (Blakely, 1995). Next, we sampled the topographic grid for
each data point to obtain the corresponding topographic elevation and subtracted the
topographic elevation from our depth solutions so that each data point is relative to sea
level.
Magnetic Interpretations
Magnetic data have been used for geologic interpretations in various studies and
have many advantages, such as complete data coverage over a study area and costeffectiveness, to name a few (Nabighian et al., 2005). However, magnetic field solutions
are inherently non-unique, and interpreting magnetic data to investigate geologic features
is complicated by the three-dimensional nature of the magnetic vector field (Blakely,
1995).
As Earth’s ambient magnetic field interacts with a source body, an induced

89

Figure 19. Map showing all depth to basement data used in this study. The seismic and well data from Csontos (2007) is shown in
black. The tilt-derivative depth solutions are shown in blue, and the special function depth solutions are shown in pink.
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magnetic field is generated within the body (Blakely, 1995; Nabighian et al., 2005). The
induced field is influenced by both the mineralogy and depth of the source body. Deeper
sources have longer wavelength induced fields, and ferromagnetic-rich sources have
larger amplitude induced fields due to their higher magnetic susceptibility (Blakely,
1995; Rosenblum and Brownfield, 2000; Nabighian et al., 2005).
Because the ambient magnetic field of the Earth has vector components that are
latitude and longitude dependent, the induced field will be affected by the geographic
location of the source body and may not reflect the correct source geometry (Blakely,
1995). The inclination of the ambient field is vertical at the magnetic poles, and the
declination is zero. Thereby, the induced field of a source body at the magnetic pole will
accurately capture its geometry (Blakely, 1995). Baranov and Naudy (1964) created the
reduced-to-pole transformation for magnetic data to correct the induced field of a source
body as if it were at the magnetic pole. (However, the reduced-to-pole transformation
assumes no remnant magnetization and can not be used at low latitudes as the
transformation becomes unstable (Blakely, 1995)
Locating the edges of source bodies is essential for interpreting magnetic data
(Nabighian, 1972; Blakely, 1995; Nabighian et al., 2005; Shah and Crain, 2018). When
source bodies with different magnetic susceptibilities or densities are in contact, a
gradient in the magnetic field is generated (Blakely, 1995; Nabighian et al., 2005). At the
edge of a vertical contact, the gradient will be steepest, and multiple methods have been
developed to detect these gradient maxima and determine depth to source (Nabighian,
1972, 1974; Cordell and Grauch, 1985; Cooper and Cowan, 2006; Salem et al., 2007). A
simple way to determine depth to source is the half-width method (Blakely, 1995). The
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amplitude of a reduced-to-the-pole magnetic anomaly will be greatest directly above the
source body, and the depth to the center of the body can be estimated by measuring the
width of the anomaly peak at half of its maximum value (Nabighian, 1972; Blakely,
1995; Nabighian et al., 2005).

Figure 20. Magnetic maps of the study area used for depth solutions. State boundaries are
shown as white lines. a) Reduction-to-pole magnetic map of the study area with the tiltangle zero contours indicated. The contours indicate the edges of the magnetic sources,
and the yellow circles mark selected depth solutions. b) Tilt-depth magnetic map of the
study area showing the zero contour line in black and yellow depth solutions.
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Depth Estimations
Tilt-Derivative Method
The tilt-derivative method (Salem et al., 2007; Fairhead et al., 2011) uses firstorder derivatives of the reduced-to-pole magnetic field to determine the locations of
source bodies and their depths. The tilt angle θ, equation 1, is determined using the
vertical and horizontal derivatives of the reduced-to-pole magnetic field f (Figure 20a).
𝜃 = tan−1 (

𝜕𝑓⁄𝜕𝑧

𝜕𝑓⁄𝜕ℎ

)

(1)

The numerator is the vertical derivative of the reduced-to-pole magnetic field, and the
denominator is the horizontal derivative of the reduced-to-pole magnetic field, shown in
equation 2.
𝜕𝑓 ⁄𝜕ℎ = √(𝜕𝑓⁄𝜕𝑥)2 + (𝜕𝑓⁄𝜕𝑦)2

(2)

If we assume a vertical magnetic contact, the depth to the source can be estimated
using equation 3 (Salem et al., 2007).
𝑥

𝜃 = 𝑡𝑎𝑛−1 (𝑧 )
𝑐

(3)

x is the horizontal distance from the contact
zc is the depth to the source contact
The tilt angle is 0 above the contact (x=0) and is 𝜋⁄4 when x=zc (Salem et al., 2007;
Blakely et al., 2016). This allows identification of the location and depth of the contact.
To estimate the depth using Oasis Montaj on our gridded data, we take the horizontal
gradient of θ, shown in equation 4, along the zero contour of the phase angle to determine
the horizontal distance between the 0 and π/4 contours. Where x is equal to 0, the depth is
given by equation 5 (Figure 20b) (Blakely et al., 2016). This technique is powerful as it
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provides a way to map the edges of a source body and the depth of the magnetic contact
(Blakely et al., 2016) (Figure 20a & b).
𝑑𝜃⁄ = 𝑧𝑐
⁄(𝑥 2 + 𝑧 2 )
𝑑ℎ
𝑐

𝑧𝑐 = [𝑑𝜃⁄𝑑ℎ]

(4)

−1

(5)

Curvature Analysis Using Special Functions
Potential fields become extremely curved near a source body, and the measure of
curvature, K, which is the deviation of a curve from a straight line from any point along
that line, is shown in equation 6 as a function, F(x), in the x-direction (Phillips et al.,
2007; Barazesh and Motavalli-Anbaran, 2020). Special functions involve curvature-based
depth estimation techniques where the maximum value of a function occurs over an
isolated source and takes the general form shown in equation 7 for gridded data sets
(Phillips et al., 2007). Depth solutions are found where the curvature is most negative, as
shown in equation 8, by substituting equation 7 into equation 6 (Phillips et al., 2007).
We use gridded magnetic data for our special function depth analysis and process
the data in Oasis Montaj. Directly over an anomaly, special functions of the form shown
in equation 7 are separated into model-dependent and model-independent groups (Phillips
et al., 2007). Two model-dependent special functions are the absolute value of the
reduction-to-pole magnetic field and the horizontal gradient maximum (Cordell and
Grauch, 1985) of the reduction-to-pole magnetic field or the gravity field (Phillips et al.,
2007). For detailed information on the structural index and integral parameters, see
Phillips et al. (2007).
𝐾=

𝑑2 𝐹/𝑑𝑥 2
(1+(𝑑𝐹/𝑑𝑥)2 )3/2

94

(6)

𝑆 (𝑥, 𝑦, 𝑧) =

𝛼
(𝑋 2 +𝑌 2 +𝑍 2 )𝛽

(7)

Where X = (x – xo), Y = (y – yo), Z = (z – zo), (x, y, z) represent the observation
point and (xo, yo, zo) is the source location. α is referred to as the geometry factor
as it is dependent on both the physical properties of the source and source
geometry. Once depth is estimated, the geometry factor can be approximated by
equation 9. β is a positive constant.
𝑍 = √− 𝐾

2𝛽𝑆(𝑥𝑜 ,𝑦𝑜 ,𝑧𝑜 )
𝑛𝑒𝑔 (𝑥𝑜 ,𝑦𝑜 ,𝑧𝑜 )

(8)

𝛼 = 𝑍 2𝛽 𝑆(𝑥𝑜 , 𝑦𝑜 , 𝑧𝑜 )

(9)

We use the absolute value of the reduction-to-pole magnetic data with a  value
of one to generate depth estimates at the edges of vertical magnetic sheets (Figure 19)
(Phillips et al., 2007).
Data Validation
We compare our results to a standard to evaluate the error involved when using
potential fields to estimate depth. For this standard, we use both the Csontos (2007) data
set and the basement map from Marshak et al. (2017). We sampled the Marshak et al.
(2017) depths for each Csontos (2007) data point. We then calculated the absolute
percent difference between the Csontos (2007) data and the depths from Marshak et al.
(2017). The Csontos (2007) depths are well constrained but varied from the Marshak et
al. (2017) map by up to 168%. We use this percentage as a threshold for our results and
remove all depth solutions that exceed the 168% difference between our dataset and the
Marshak et al. (2017) basement map. Figure 21 is a contour map of the percent difference
of our dataset to the Marshak et al. (2017) basement map.
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Contour Mapping
Compiling the tilt-derivative, special function, and Csontos (2007) data sets
produces 16,608 depth points (Figure 19). Broken apart, there are 3,752 depths in the
Csontos (2007) data set, 7,049 tilt-derivative solutions, and 5,807 special function
solutions. We then generated the depth to the basement map using ordinary kriging
(Figures 22, 23, & 24) (Csontos et al., 2008).
Results
Basement Map of the Southeastern United States
The basement map of our study area is presented in Figures 22, 23, and 24. Figure
22 shows our depth to basement contour map with no additional data or interpretations,
while Figures 23 and 24 show additional data and our interpretations. Several prominent
lows are seen in Figure 22, but the most prominent is the Rough Creek Graben (Figures
23 & 24). To the south of the Rough Creek Graben is the Reelfoot rift, and between them,
there appears to be a broad low in the basement, which may suggest the two rifts are
connected (Figures 23 & 24).
When making a general comparison of the Rough Creek graben to the Reelfoot
rift, it appears that the Rough Creek graben is significantly deeper and better defined
along its margins (Figures 23 & 24). The gradient variations across the boundary faults of
the Reelfoot rift and Rough Creek graben in our basement maps are consistent with the
relative offset of the basement seen in cross-sections across the boundary faults of both
structures (Thomas, 1991). Along the western margin of the Reelfoot rift, there is a broad
low (L in Figure 23) in the basement which extends to the west of the mapped bounds of
the rift, and there does not appear to be a significant gradient in the basement depth
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across the rift margin (Figures 23, 24, & 25). In the northern eastern rift margin, there
appears to be a steeper gradient across the boundaries of the rift, and we do not see the
broad low extending beyond the rift margin, as we did on the western rift margin (Figures
23, 24, & 25). South of the Bolivar-Mansfield tectonic zone, the steep gradient changes
trend from northeast to east-west and are located to the west of the mapped boundaries of
the rift (Figures 23, 24, & 25). Marlow et al. (2021) also noted the change in strike
direction along this section of the eastern rift margin.
Our contour map contains the major features that are present in the Dart and
Swolfs (1998) map (Figure 25). Our map captures the two major structural lows in the
northern and southern sections of the rift and the structural high in the center of the rift
(Figure 25). However, our basement map illustrates more structurally complex major
features in the rift. For example, Dart and Swolf (1998) interpret a sub-basin along the
southern extent of the southern structural low. In our contour map (Figure 25), an eastwest trending structural high separates the sub-basin from the southern structural low.
Additionally, we suggest that the sub-basin is a separate minimum, as its deepest section
lies to the southeast of the rift margin (Figure 25). The structural high in the Dart and
Swolfs (1998) map in the center of the rift appears to continue to the southeast, to the
eastern rift margin in our map (Figure 25). Our contour map follows the overall structure
from Dart and Swolfs (1998) in the northern structural low and sub-basin. However, we
map a significant low in the basement to the northeast of the deepest location mapped by
Dart and Swolfs (1998). Also, our map correlates the basement high associated with the
Reelfoot magnetic anomaly (Dart and Swolfs, 1998; Rabak et al., 2011) (RMA in Figures
23 & 24).
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Based on the depth to basement contour map, we suggest that the Reelfoot rift is
separated into two domains, the northern and southern, as indicated by the thick red lines
in Figures 23 and 24. We interpret the domain boundary baseed on changes in
topographic gradients to the north and south of this line. In the northern domain, the
depth to the basement is shallower than in the southern domain and contains six small
basins, which may be half-grabens, grabens, or significant depressions in the crystalline
basement (Figures 23 & 24). We interpret the southern domain to be significantly deeper
than the northern domain, as there is significanlymore area that is below the marked
6,000 meter depth contour than the northern domain, and has three large basins within it.
Additionally, the northern domain has higher amplitude and shorter wavelength
variations in the basement depth than is observed in the southern domain. While there are
igneous intrusions along the extent of the eastern and western margins of the rift,
intrusions within the center of the rift are restricted to the northern domain (Figures 23 &
24) (Hildenbrand and Hendricks, 1995). Both Hildenbrand et al. (2001) and Rabak et al.
(2011) model higher susceptibility igneous intrusions (RMA and OIC in Figures 23 &
24) that are roughly two kilometers higher in topography than the surrounding
Precambrian basement and are in contact with the overlying Paleozoic sedimentary rocks
(Figure 23).
We identify a possible northeast-trending graben to the southeast of the Reelfoot
rift that we call the Eastern Embayment graben. The presence of this graben was
suggested by Johnson et al. (1994) based on lows in the gravity and magnetic fields in
this area (Figure 24). As with the Reelfoot rift, we identify northern and southern
domains in this graben, with the southern domain containing much deeper and more
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extensive basement lows. The domain boundary appears to be a continuation of the
domain boundary we interpreted in the Reelfoot rift (Figure 24).
As with the Reelfoot rift, the southern domain of the Eastern Embayment graben
is much easier to define in our basement maps than the northern domain (Figures 23 &
24). We recognize that the boundary faults of the rift in the northern domain may not
have been accurately mapped. It is possible that the northern domain is composed of
smaller isolated grabens and is not a continuous structure. However, the northern domain
of the Reelfoot rift contains more isolated basins than the southern domain, similar to the
Eastern Embayment graben.
The boundaries of the Eastern Embayment graben are not as well defined as the
Reelfoot rift or the Rough Creek Graben, and we assume that the overall trend of the rift
is similar to the gravity and magnetic gradients identified by Johnson et al.(1994). Our
assumption of the rift structures following magnetic and gravity trends is also predicated
on the observation that the Reelfoot rift margins follow northeast-trending magnetic and
gravity highs (Hildenbrand, 1985; Hildenbrand and Hendricks, 1995; Marlow, Cox, et
al., 2021; Marlow, Powell, et al., 2021). We suggest that the ambiguity in defining the
Eastern Embayment graben margins is due to the lack of data control; we do not benefit
from seismic and well data along the margins of the structure to help control the
basement depth as we do along both the Reelfoot rift and the Rough Creek Graben
margins (Dart and Swolfs, 1998; Csontos et al., 2008).
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Figure 21. Percent difference map of our depth values compared to the map from Marshak et al. (2017). The bold black lines are the
boundaries of the Reelfoot rift (RFR), Rough Creek graben (RCG), and the Eastern Embayment graben (EEG). The dashed black lines
mark the 6,000-meter contour line from Figures 22, 23, and 24.
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Figure 22. A contour map of the top of the crystalline basement with depth relative to sea level.
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L

Figure 23. Depth to basement map relative to sea-level of the Rough Creek graben (RCG), Reelfoot rift (RFR), and the Eastern
Embayment graben (EEG). Our interpreted domain boundaries are shown in red. The solid black lines are the Reelfoot rift basement
faults from Csontos et al. (2008). The saw toothed black line is the Ouachita/Appalachian thrust (AOF) front from Thomas (2006).
The dashed blue line shows the boundary of the Mississippi embayment (ME). Dashed black lines show the boundaries of igneous
intrusions in the Reelfoot rift (Hildenbrand and Hendricks, 1995). ERM: Eastern Reelfoot rift margin; WRM: Western Reelfoot rift
margin; AF: Axial fault; RF: Reelfoot thrust fault; WRFZ: White River fault zone; BMTZ: Bolivar-Mansfield tectonic zone; OFZ:
Osceola fault zone; CMTZ: Central Missouri tectonic zone; GRTZ: Grand River tectonic zone; OIC: Osceola igneous complex; RMA:
Reelfoot magnetic anomaly; L: basement low.
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Figure 24. Contour map of the crystalline basement with earthquake epicenters from the CERI catalog from 1974 to January
2021, shown in green. Interpreted domain boundaries are shown in red. The margins of the Reelfoot rift and the Rough Creek Graben
are shown in black. The long-dashed blue line is the boundary of the Mississippi Embayment (ME). A short-dashed blue line marks
the Eastern Granite Rhyolite Province-Southern Granite Rhyolite Province (EGSG) boundary. The mapped boundary of the
Appalachian-Ouachita thrust front (AOF) is from Thomas (2006). ERM: Eastern Reelfoot rift margin; WRM: Western Reelfoot rift
margin; AF: Axial fault; WRFZ: White River fault zone; BMTZ: Bolivar-Mansfield tectonic zone; OFZ: Osceola fault zone; CMTZ:
Central Missouri tectonic zone; GRTZ: Grand River tectonic zone.
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Absolute Percent Difference Map
Figure 21 displays a contour map of the absolute percent difference between our
data and the map made by Marshak et al. (2017). We overlaid the boundaries of the
Rough Creek graben, Reelfoot rift, and the Eastern Embayment graben. Additionally, we
highlighted the -6,000-meter contour from Figures 22, 23, and 24 to assess the percent
difference in the crystalline basement depth. The percent difference between our map and
the Marshak et al. (2017) map is 168%. We suggest that due to the accuracy of the
Csontos (2007) data set, where this data is present, our map is more accurate than the
Marshak et al. (2017) map.
There is good agreement between the deeper sections of our map and the Marshak
et al. (2017) map within the rift and the grabens; the deeper regions of the Reelfoot rift
and the Eastern Embayment graben, encircled by the -6,000-meter contour, have a lower
absolute difference in depth values. In both rifts, the largest percent error is in the
shallower regions. The absolute percent error in the Rough Creek graben is relatively
constant, which may be due to most of the depth points coming from the Csontos (2007)
data set.
Discussion
We suggest that the domain boundary in the Reelfoot rift separating the deep
southern part of the rift from the shallower basement to the northeast may mark a crustal
boundary based on both our depth to basement results and the seismicity distribution
within the center of the rift. As shown in Figure 24, seismicity in the center of the rift,
associated with the Axial fualt, abruptly stops where we interpret the domain boundary
(Dunn et al., 2010). Hildenbrand et al. (2001) also noted the change in seismicity near
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this point but attributed it to the presence of the Osceola igneous intrusion complex (OIC
in Figure 23). While we note that seismicity is more dispersed in the igneous intrusion, as
shown by earthquake locations, it does not stop until further south, where the large basin
occurs at our domain boundary (Figure 24). Therby, due to the continuation of seismisity
south of the OIC (Figure 6) we suggest that the axial fault continues further south to the
doamin boundary. Van Schmus et al. (1996) mapped the Eastern Granite Rhyolite
Province-Southern Granite Rhyolite Province boundary near our domain boundary.
Therefore our domain boundary may mark the crustal boundary of these two
Mesoproterozoic crustal provinces.
If the Reelfoot rift crosses two different Proterozoic igneous provinces, as mapped
by Van Schmus et al. (1996), it may constrain the timing of the formation of faults in the
New Madrid seismic zone. If we assume that the axial fault terminates at our interpreted
domain boundary, as interpreted from seismicity (Csontos and Van Arsdale, 2008; Dunn
et al., 2010) and does not continue to the southern as an aseismic fault, we can roughly
time the fault formation. Because the Southern Granite Rhyolite Province is younger
than the Eastern Granite Rhyolite Province and the axial fault does not cut through the
southern domain into the younger province, we suggest that the axial fault formed before
the Southern Granite Rhyolite Province. Based on the timing of the two rhyolite
provinces, we place the axial fault formation between 1.47 Ga and 1.37 Ga (Van Schmus
et al., 1996). If we assume that the other New Madrid seismic zone faults formed
concurrent with the axial fault, then faults in the New Madrid seismic zone were present
before the breakup of Rodinia and the formation of the Reelfoot rift. These ancient faults
are reactivating in the present-day stress field.
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Another possible explanation for our interpreted domain boundary may be the
Bolivar-Mansfield tectonic zone, a northwest-trending Proterozoic fault zone mapped in
this region (Figures 18, 23, & 24) (Stark, 1997; Csontos et al., 2008). However, based on
the low gradient in the basement, we do not think there is significant offset along this
tectonic zone (Figures 22 & 6). Additionally, Csontos et al. (2008) suggest that five
northwest-trending Proterozoic faults intersect the rift faults and form eight fault-bounded
blocks within the rift. However, we do not see an offset within the Reelfoot rift or the
proposed Eastern Embayment graben that corresponds with multiple northwest-trending
structures.
The basement map for the Reelfoot rift that Csontos et al.( 2008) generated used
blanking files for faults so that data interpolation was restricted to areas in between the
blanking files. We suggest that their use of blanking files in their kriging introduced
artifacts. First, we do not see evidence for a series of northwest-trending faults that
penetrate through the Reelfoot rift, which Csontos et al. (2008) used for blanking files.
Additionally, Csontos et al. (2008) extended the axial fault to the southern margin of the
rift. Assuming the length of the axial fault is captured by its seismicity (Csontos and Van
Arsdale, 2008; Dunn et al., 2010) and is not aseismic to the south, it terminates at our
southern domain boundary, which is much further to the north than what is shown in the
Csontos et al. (2008) map. We argue that using faults as blank files generated the blocks
as an artifact of their methodology instead of depicting actual rift structure.
Present-day microseismicity and numerical modeling indicate that stresses are
concentrated in the New Madrid seismic zone (Csontos and Van Arsdale, 2008; Dunn et
al., 2010; Levandowski et al., 2016; Zhan et al., 2016) and that the presence of the mid to
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lower crustal mafic pillow contributes to the stress concentration and seismicity (Ervin
and McGinnis, 1975; Mooney et al., 1983; Pollitz et al., 2001; Levandowski et al., 2016;
Nyamwandha et al., 2016; Wang and Zhao, 2019; Zhan et al., 2016). We suggest that the
rift pillow has played a significant role in deformation throughout the history of the New
Madrid seismic and the Reelfoot rift. During the Paleozoic, deformation occurred above
the rift pillow as the basement and overlying sedimentary rocks were warped, forming the
Pascola arch (McKeown et al., 1990). In the Mid-Cretaceous, the Bermuda hotspot
passed south of the Reelfoot rift and a significant unconformity formed in the rift,
centered in the region above the rift pillow (Caplan, 1954; McKeown et al., 1990; Cox
and Van Arsdale, 1997, 2002). From our depth to basement maps, we interpret that
lithospheric extension was concentrated within the Reelfoot rift and to a lesser extent to
the southeast below the Mississippi Embayment. We suggest that the rift pillow was
placed in the lower crust sometime in the Proterozoic, before the formation of the
Reelfoot rift, and controlled late-stage rifting during the breakup of Rodinia.
A series of northeast-trending gravity and magnetic lows, similar to those that are
associated with the Reelfoot rift, suggest that there may be multiple rift structures to the
southeast of the Reelfoot rift (Johnson et al., 1994). More rifts would imply that larger
amounts of strain were partitioned over a greater region during the breakup of Rodinia
than previously thought. Thinned lithosphere below what is now the Mississippi
Embayment is an important aspect of the idea put forth by Cox and Van Arsdale (2000)
that the origin of the Embayment is tied to the passage of the Bermuda hotspot. Our
results suggest the presence of a large graben to the southeast of the Reelfoot rift, in
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agreement with Johnson et al. (1994). However, the graben is not as well-formed as the
Reelfoot rift or the Rough Creek graben.
Examination of Figure 23 does show a difference in basement structure on either
side of the Reelfoot rift; large grabens and basins exist southeast of the rift but are largely
missing to the northwest. The basement is also shallower northwest of the rift than to the
southeast. We suggest that the lithosphere southeast of the rift was thinned during the
breakup of Rodinia but not as extensively as the lithosphere below the Reelfoot rift. Even
minor amounts of thinning would facilitate upwelling of primitive mantle material
associated with the hotspot, and our results are compatible with a hotspot origin for the
Embayment.
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Figure 25. A comparison of our color-filled contour map of the crystalline basement in
the Reelfoot rift with the contour map of the basement map from Dart and Swolfs (1998)
overlaid. The contour interval from our map is 1000-meters, and from Dart and Swolfs
(1998) is 500-meters. The structural highs (Maj), lows (Min), and sub-basins (SB) labels
are from Dart and Swolfs (1998). The bold black lines mark boundaries of the Reelfoot
rift from Csontos et al. (2008).
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Chapter 5
Conclusions
Segmentation of the Eastern Reelfoot Rift Margin: Reinterpretation of the
Northeastern Reelfoot Rift Fault Geometry and Seismic Potential
Mapping the horizontal gradient maxima for reduced to the pole aeromagnetic
data over a portion of the eastern Reelfoot Rift margin, coupled with previous geologic
investigations, has allowed us to differentiate the margin into nine segmented faults.
Based on the measured fault lengths, we calculate the earthquake potential along this
section of the eastern Reelfoot rift margin to range from moment magnitude 6.0–7.0. Our
results for this section of the margin support the seismic hazard determined by previous
research. However, completely specifying the hazard posed by the eastern Reelfoot rift
margin will require additional detailed surface and subsurface investigations.
Aeromagnetic Interpretations of the Crittenden County Fault Zone
Based on reduced to the pole aeromagnetic horizontal gradient results and depth
to magnetic basement, we suggest that the previously mapped extent of the Crittenden
County fault zone by Crone (1992) consists of three faults in the basement rock separated
by significant gaps. In addition, we extend the previously mapped extent of the
Crittenden County fault zone further southwest by 16 km. Along the northeast segment of
the Crittenden County fault zone, we identify two possible faults that are associated with
the eastern Reelfoot Rift margin, one of which has reactivated multiple times in the
Holocene. Our structural interpretations of the Crittenden County fault zone may
significantly reduce the maximum magnitude threshold of the Crittenden County fault
zone and the eastern Reelfoot rift margin in this area, thereby lowering the seismic hazard
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assessment of these fault systems. However, additional seismic reflection work needs to
be done, particularly in the gaps we identify, to determine if the Crittenden County fault
zone and the eastern Reelfoot Rift margin consist of continuous faults that have the
potential to rupture along their entire lengths.
Mapping the Crystalline Basement of the Southcentral United States
Determining depth estimates from aeromagnetic data has allowed us to generate a
high-resolution map of the southcentral United States crystalline basement. The Rough
Creek graben and the Reelfoot rift are clearly outlined as basement lows. We interpret the
Eastern Embayment graben from the lows in the basement topography to the southeast of
the Reelfoot rift. In both the Reelfoot rift and the Eastern Embayment graben, northwesttrending domain boundaries mark significant crustal depth variations. The interpreted
domain boundaries suggest a northwest-trending zone of crustal variation along the
southeastern United States that may be related to the Mesoprotoerozoic granite rhyolite
provinces. The crustal variation may indicate that major faults in the Reelfoot rift formed
before the late stage rifting of Rodinia. The presence of the proposed Eastern Embayment
graben suggests that strain was distributed over a large area during the late-stage rifting
of Rodinia.
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